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Abstract 
Growing environmental concerns has necessitated the development of cleaner 
and renewable sources of energy such as biomass. Bio-oil derived from lignocellulosic 
biomass is a promising source for producing renewable chemicals and fuels, however 
due to the instability of this complex mixture, with its high oxygen content contributing 
mainly to this, catalytic upgrading is required to improve on undesirable properties. 
Therefore not only is it necessary to decrease the oxygen content of bio-oil, a good 
upgrading strategy should preserve valuable carbon in the liquid. Metals supported on 
reducible oxides hold considerable promise for upgrading pyrolysis vapors, as they are 
capable of converting corrosive light compounds such as acetic acid to the chemical 
building block acetone as well as catalyzing the deoxygenation and transalkylation of 
larger phenolic compounds to produce alkyl-aromatics. The combination of reducible 
oxides such as TiO2 coupled with metals such as Ru can result in a complex catalyst. 
Potential active sites include the sites on the metal surface, the highly reducible sites at 
the Ru/TiO2 interface, traditional acid sites on the TiO2 surface, and defects on the TiO2 
support. While the roles of the various types of active sites for Ru/TiO2 catalysts have 
been studied in detail for reactions such as Fischer Tropsch synthesis, little is known 
regarding the role of these active sites for the conversion of lignin-derived phenolic 
compounds. In this dissertation, the author will use a combination of model compound 
studies coupled with catalyst modifications to better understand the reactivity of the 
various phenolic functional groups and also furfural, an important compound derived 
from the sugar fraction of biomass feed stocks, over the active sites present on Ru/TiO2 
.  
xviii 
 
In the first section of this dissertation, the role of TiO2 crystal morphology phase 
– anatase and rutile- on resistance to Ru agglomeration during different catalyst pre-
treatment conditions and the impact on the conversion of guaiacol, a phenolic compound 
with both methoxy and hydroxyl functions is investigated. The superior ability of the 
rutile TiO2 phase in stabilizing ruthenium particles compared to anatase was 
investigated. This is essential to designing Ru catalysts that have enhanced stability 
during high temperature oxidation treatments. These chapters will also give insights into 
the nature of active sites on the Ru/TiO2 catalyst responsible for guaiacol 
deoxygenation. Differentiation between Ru/TiO2 interfacial sites and oxygen vacancies 
on the TiO2 support for the conversion of guaiacol was achieved. In other chapters, the 
conversion of important phenolic compounds such as anisole, catechol and m-cresol 
was addressed. By utilizing a series of Ru catalysts with varying support types (SiO2, 
C, TiO2); TiO2 support phase (anatase, rutile and a mixture of both phases) and Ru 
particle sizes, the role of the various sites on the Ru/TiO2 catalyst for the conversion of 
these compounds was elucidated. These chapters demonstrate that while initial guaiacol 
deoxygenation to monooxygenates occur preferentially over defect sites on the TiO2 
support, Ru/TiO2 interfacial sites are the important sites for complete deoxygenation to 
aromatic hydrocarbons. Finally, the last chapter will show that furfural can be converted 
to compounds which are valuable intermediates for fuels and chemicals over this 
catalyst. For example, high yields of 2-methylfuran can be achieved over this catalyst. 
Perhaps more importantly, the Piancatelli rearrangement to produce cyclopentanone 
which is a building block for molecules in the jet fuel range was observed to occur over 
xix 
this catalyst. The role of water in enhancing the formation of this product at the expense 
of 2-methylfuran will be discussed. 
1 
1 Introduction and Background 
1.1 Introduction 
Biomass has been identified as an important renewable energy source in the 
United States[1] and its utilization for the production of biofuels has been studied 
extensively.[2-8] Growing environmental concerns is a major reason for the 
development of alternative sources of energy such as wind, nuclear, solar, hydro and 
biofuels which jointly account for about a quarter of the world’s major energy usage.[9] 
A major advantage derived from the use of lignocellulosic biomass as a source of energy 
is the considerably lower amount of carbon dioxide produced in comparison with 
conventional fossil fuels. This is because carbon dioxide formed from biofuels can be 
consumed during the regrowth of biomass thereby constituting a depletion and 
regeneration cycle.[9] 
Lignocellulosic biomass is made up of hemicellulose, cellulose and lignin units 
which account for the wide variety of compounds obtained after pyrolysis. Even though, 
the lignin fraction makes up only about 10-25 wt% of biomass (this could vary 
depending on the biomass source), with the hemicellulose and cellulose fractions 
accounting for 15-30 wt% and 40-80 wt% respectively[8], the compounds obtained 
from the pyrolysis of the lignin fraction play an important role in contributing to the 
undesirable properties of bio-oil such as high oxygen content, high viscosity and low 
heating value[10-12] hence this work will focus mainly on this fraction. Due to the 
instability and high reactivity of the compounds in bio-oil, it is difficult to correlate the 
properties of the vapors obtained after pyrolysis with the liquid product after 
condensation. As a result of this, it is necessary to catalytically upgrade the oil vapors 
2 
to improve these properties and make it suitable as a source of renewable fuels and 
chemicals. The study of the reactivity of a careful selection of model compounds present 
in bio-oil can give some understanding of this catalytic upgrading process.  
Guaiacol and Furfural are oxygenates found in bio-oil and are a good 
representation of compounds in the phenolic and sugar fractions respectively. While 
guaiacol contains both methoxy and hydroxyl functions, furfural is a very reactive 
compound and polymerizes fast hence the focus on the conversion of these compounds 
and their derivatives in this study. The objective of this dissertation is to understand the 
catalytically active sites responsible for the conversion of these model bio-oil 
compounds over Ru supported on the reducible oxide TiO2 and also elucidate reaction 
mechanisms involved in the conversion of some of these compounds. Even though a 
good deal of studies have investigated the conversion of phenolic molecules such as 
guaiacol over metal based catalysts and also characterizing the various catalytic sites 
that can be created as a result of the interaction of Ru with the reducible oxide TiO2, this 
contribution will be the first to elucidate the role these sites play for the conversion of 
guaiacol to completely deoxygenated aromatic hydrocarbons such as toluene. This work 
will provide information that will help in understanding and developing Ru based 
catalysts for the production of renewable fuels and chemicals from this family of 
oxygenates. 
1.2 Biomass processing to fuels and chemicals 
Lignocellulosic biomass can be utilized for the production of renewable fuels 
and chemicals by a variety of thermal treatment processes such as fast pyrolysis, 
liquefaction and gasification [1, 13-17] shown in Figure 1.1. Gasification is a process 
3 
where biomass is burned in the presence of air, oxygen or steam at high temperatures to 
produce synthesis gas, which is a mixture of carbon monoxide and hydrogen.[8] This 
mixture can be obtained after removal of impurities in the products obtained after the 
gasification process. Synthesis gas is useful for the production of methanol via methanol 
synthesis, liquid fuels via Fischer-Tropsch synthesis and ethanol via anaerobic 
fermentation.[8, 9, 15] It is also a major source for the production of hydrogen via water-
gas shift reaction utilizing CO. Hydrogen can be used for industrial reactions such as 
ammonia synthesis and also finds application in PEM fuel cells.[8]  
The second process, Fast pyrolysis, is equally an important thermal treatment 
process for the conversion of lignocellulosic biomass to biofuels. It involves the thermal 
decomposition of biomass in the absence of air. Liquid, solid and gas products are 
obtained from this thermal decomposition and it is possible to tune the parameters of 
the process in order to maximize the yield of either one of these products depending on 
which is desired.[15] The non-condensable gas stream consists of CO, CO2, H2O, H2 
amongst others[1], and the solids are usually labeled as char. While longer residence 
times and higher temperatures will lead to higher gas yields, fast pyrolysis employs 
moderate temperatures and very short residence times, typically between 1-2 seconds, 
to maximize liquid yields obtained from the process.[8] 
4 
 
 
Figure 1.1. Pathways for fuels production from lignocellulosic biomass [Ref. 8] 
 
This liquid product, also known as bio-oil or pyrolysis oil, is the most useful stream as 
it can be further upgraded and utilized for the production of chemicals and more 
importantly as a renewable source of transportation fuels.  
The last process, liquefaction employs a low temperature, high pressure 
treatment to produce a water-insoluble bio-oil mixture.[8] The process could either be 
carried out in the absence or presence of solvents. In solvolysis for instance, a reactive 
liquid solvent is used, while an aqueous solvent is utilized for the hydrothermal process. 
The aim of liquefaction is to control reaction rates under these low temperature, high 
pressure conditions to obtain high quality bio-oil. A major drawback for the process 
however is the high pressure requirement while a clear advantage of the gasification and 
5 
pyrolysis processes are the relatively simple unit operations such as drying and grinding 
involved prior to the introduction of biomass into the gasification or pyrolysis units. 
1.3 Fast pyrolysis of biomass 
The pyrolysis of lignocellulosic biomass yield products that are obtained from 
its hemicellulose, cellulose and lignin fractions, the latter of which is made up of 
phenolic monomer building blocks.[9] A significant number of upgrading strategies in 
recent years have been devoted to studies involving the carbohydrate fraction 
(hemicellulose and cellulose) of biomass pyrolysis.[18-26] While hemicellulose is made 
up of several monosaccharide building blocks such as glucose, galactose, xylose, 
mannose and others, the only building block of cellulose is glucose.[1] Two glucose 
anhydride molecules or cellobiose, are the repeating unit for the cellulose polymer and 
thermal degradation of this polymer yields levoglucosan and anhydrocellulose which 
can be further converted into valuable chemicals.[1] 
Pyrolysis of the hemicellulose fraction of biomass produces light oxygenates 
such as acetic acid, acetol, hydroxyacetaldehyde, furfural amongst others. Due to the 
presence of compounds such as acetic acid, which is very reactive, or furfurals, which 
polymerizes fast during catalytic treatment, it is imperative to catalytically upgrade this 
stream to obtain more stable molecules that can serve as building blocks for fuels and 
chemicals. The lignin fraction which consists of three basic monomeric building blocks 
as shown in Figure 1.2 yields a wide range of light oxygenates and phenolic-based 
compounds such as acetic acid, acetaldehyde, guaiacols, syringols, catechols, phenols 
amongst others.[1, 27, 28] The phenolic compounds have significant value and are very 
important to study as a result of both the quality of fuels and chemicals [29] that can be 
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obtained from them and the tougher challenges faced during upgrading due to their 
refractory nature. 
 
 
 
 
Figure 1.2. Monomeric building blocks for lignin: p-coumaryl alcohol, coniferyl 
alcohol and sinapyl alcohol respectively 
 
1.4 Bio-oil upgrading processes 
1.4.1 Hydrotreating 
Significant research work has been done to upgrade bio-oil obtained from fast 
pyrolysis of biomass to improve its undesirable properties for use as a transportation 
fuel. The high oxygen content of bio-oil is the major culprit and confers properties on 
the bio-oil such as high viscosity, low heating value and instability, therefore it is 
important to remove oxygen during these upgrading processes. One of such processes 
is hydrotreating.[30] Mild hydrotreating has been used to upgrade pyrolysis oils with 
lower amounts of hydrogen consumed during this process.[30] However in order to 
obtain acceptable yields from the catalytic hydrotreating process, severe operating 
conditions of temperature and pressure have been employed.[31] Even though the 
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upgraded bio-oil had improved properties, hydrotreating catalysts still presented a lot of 
operating problems thereby making it necessary for more effective catalysts to be 
developed for the upgrading process.[30] Some of these problems are related to the 
formation of coke which is as a result of the numerous reactions such as hydrogenation, 
hydrodeoxygenation, polymerization amongst others that occur during the process.[31] 
Samolada et al. investigated the use of a two-step approach combining the thermal 
hydrotreating process and catalytic cracking with the aim of dealing with some of the 
operational issues involved with either of the individual processes operating 
independently. In the initial step, thermal hydrotreating was employed as a stabilization 
step before catalytic cracking.[30] 
Attempts to scale up these catalytic hydrotreating processes from batch scale up 
to pilot plant units have highlighted the various challenges involved in the process 
despite the numerous studies carried out. The higher cost involved when compared to 
conventional petroleum processing is due in part to the extensive consumption of 
hydrogen for the upgrading process. Typical catalysts for this process are Ni and Co 
molybdenum based catalysts (Ni-Mo or Co-Mo) supported on alumina. Polymerization 
reactions occurring in the complex bio-oil mixture not only makes it unstable but also 
leads to the formation of heavy products that can clog parts of the reactor and also cause 
deactivation of the catalyst bed. These heavy products could adsorb strongly on the 
catalyst and block its pores thereby leading to this deactivation which occurs 
predominantly on alumina supports. 
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1.4.2 Upgrading using zeolites and oxides 
Catalytic upgrading of several fractions of bio-oil has also been achieved using 
zeolites such as HZSM-5, HY and metal oxides such as CexZr1−xO2.[32-35] A 
significant number of these studies have focused on reactions involving the light fraction 
components of bio-oil. An example was the investigation of ketonization and aldol 
condensation reactions of propanal over CexZr1−xO2.[35] It was shown that gasoline 
range molecules could be obtained from short chain aldehydes present in bio-oil as a 
result of these condensation reactions.[35] The goal of such studies was not primarily 
to remove oxygen but to increase the carbon chain length of the molecules in bio-oil by 
catalytic upgrading. 
Also, the reaction of anisole over HZSM-5 was investigated and results showed 
that transalkylation reactions which preserved the methyl group on the aromatic ring 
were significant. Products such as phenol, cresols, methylanisoles and xylenols were 
observed from this reaction.[32] Deactivation of zeolites in the presence of phenolics 
however is a major concern. The presence of compounds such as guaiacol can lead to a 
significant drop in conversion over zeolites such as HZSM-5 and HY.[34]  
1.5 Conversion of lignin components 
Lignin is a branched, three-dimensional polyphenolic substance that consists of 
several bonded hydroxyl and methoxy bonded units exhibiting the coniferyl, sinapyl 
and p-coumaryl alcohol structures.[1] Lignin, which is amorphous and has no definite 
structure, serves as a binder for the cellulosic components while also providing 
protection for the cellulose fibers from fungal or microbial attack.[1] Even though it 
finds application as a fuel source to provide heat in the paper making process and for 
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ethanol production, it is important to produce more valuable fuels and chemicals from 
this amorphous resin.[8] For instance, via conversion over zeolites or hydro 
deoxygenation, transportation fuels can be obtained from this fraction. Reactions such 
as C=C bond hydrogenation, C-O bond deoxygenation and aromatics hydrogenation 
occur during lignin hydrodeoxygenation. In the fast pyrolysis process, some of the major 
compounds obtained from the degradation of lignin are syringols, guaiacols and various 
substituted phenols.[36, 37] 
The conversion of guaiacol has been studied quite extensively on various 
catalysts such as ZrO2, TiO2, Al2O3, transition metal phosphides and supported metal 
catalysts because it contains both hydroxyl and methoxy functions that are present in a 
representative amount of compounds derived from pyrolysis of the lignin fraction of 
biomass.[38-44] However with some of the earlier catalysts used for such studies with 
guaiacol, catalyst deactivation has been a major issue. This has been associated with 
sulphided catalysts such as CoMoS on alumina for example which as a support is known 
to be susceptible to coking. For example, Bui et al. investigated guaiacol conversion 
over CoMoS supported on Al2O3, TiO2 and ZrO2 at 300 °C and 4MPa H2 and found that 
while the catalysts supported on TiO2 and ZrO2 were stable for more than 60 h, the 
alumina supported catalyst experienced rapid deactivation.[38] This was attributed to 
the deposition of condensation and polymethylated species leading to coke on the 
catalyst. The stability with time on stream demonstrated the superiority of TiO2 and 
ZrO2 supports for hydrodeoxygenation of phenolics. [38] 
Metal based catalysts on neutral supports such as SiO2 or C have also been 
investigated for the deoxygenation of phenolic molecules. Phenol was the dominant 
10 
product for guaiacol conversion over noble metals such as Pt, Pd, Ru and Rh supported 
on carbon.[45-47] In these systems, the carbon number of the resulting product stream 
could be decreased substantially due to the dominance of the deoxygenation reaction 
over pathways that retain the methoxy carbon on the aromatic ring. One possible 
reaction pathway over the metal catalysts is cleavage of the Ar-OCH3 bond by the metal 
functionality forming methanol which can be converted to methane by the same metal 
function resulting in the loss of the carbon to light gases. It is desirable therefore to 
introduce acidic supports that can provide transalkylation activity to preserve the carbon 
on the aromatic ring. Upon introduction of TiO2 as support for instance, over 70% of 
the carbon in the methoxy group can be preserved compared to less than 10% over C 
and SiO2 supported Ru.[46] While Al2O3 as a support also led to enhanced methyl 
retention in the aromatic ring when compared with inert supports, most of these products 
were di-oxygenated species.[46] Oxides such as TiO2 are promising candidates as 
catalyst supports for phenolic deoxygenation due to the improved stability and enhanced 
methyl retention. This prompts further investigation into their suitability for the catalytic 
upgrading of phenolic compounds. 
Several studies have also been devoted to the conversion of anisole, which is 
another important phenolic bio-oil molecule. It is simpler in structure than guaiacol 
because the hydroxyl group is absent. Therefore, the reactivity of the methoxy function 
can be investigated in isolation. The conversion of anisole over different acidic and 
bifunctional catalysts such as HBeta, HZSM-5, Pt/SiO2, Pt/HBeta and Pt/Al2O3 has been 
examined.[32, 48, 49] Different reactions were indeed observed over both metal and 
acid catalysts when tested separately. Over the purely acidic HBeta zeolite, 
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transalkylation reactions involving the transfer of methyl groups to the aromatic ring 
were dominant. This was also the case for HZSM-5 with both bimolecular and 
unimolecular reactions playing different roles in the conversion of anisole.[32, 48] On 
the other hand, demethylation, deoxygenation and hydrogenation reactions were found 
to be dominant over Pt/SiO2 which had the pure metal function.[48]  Interestingly, better 
combined deoxygenation and transalkylation rates could be achieved over a bifunctional 
Pt/HBeta catalyst system when compared to the pure acid or metal catalysts. Products 
such as benzene, toluene and xylenes that demonstrate the occurrence of both reactions 
were observed.[48] Along with phenol, these transalkylation products were also 
identified as primary products over Pt/Al2O3 at 300°C.[49]  
Therefore in order to make progress towards designing coke resistant catalysts 
that can preserve some of the carbon in the aromatic ring as products while also carrying 
out deoxygenation of phenolic species, supports such as TiO2 show promise as 
discussed earlier. While investigating a Ru/TiO2 system, lower amounts of coke was 
found on the catalyst compared to SiO2 and Al2O3 supports. Ru is known to have a high 
resistance to coke formation from Fischer-Tropsch synthesis but the interaction with the 
reducible TiO2 support could potentially play a role in this decreased rate of coke 
formation which prompts further investigation on the conversion of these phenolic 
species over this catalytic system. 
1.6 Conversion of furfural to fuels and chemicals 
Furfural is an important molecule produced by acid–catalyzed dehydration of 
xylose, a pentose derived from the hemicellulose fraction of lignocellulosic biomass [8, 
50] It is used for tetrahydrofuran production and as a solvent in lubricant processing. 
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Also, despite the high amount of furfural production, greater than 300,000 tons/yr [50], 
it is still an expensive source of fuel. Coupled with its high reactivity under typical 
biomass processing conditions, it is therefore important to convert this molecule into 
compounds that can be utilized as chemicals and fuels industrially.  
Furfural can be converted to furfuryl alcohol, 2-methylfuran and furan via 
various reaction pathways. Furfuryl alcohol finds application in the production of 
solvents and resins for ceramics processing.[51] It is produced by furfural 
hydrogenation over metal catalysts. Metal based catalysts are favored for this reaction 
due to their ability to dissociate hydrogen effectively and this is essential for the 
hydrogenation step. It is also important to select the right catalyst since furfural contains 
an unsaturated aromatic ring besides the carbonyl group. This ring can also be 
hydrogenated over metal catalysts therefore the choice of metal will determine the 
selectivity to furfuryl alcohol as opposed to ring hydrogenation products. High 
selectivity to furfuryl alcohol (> 98%) has been obtained over Cu based catalysts when 
compared to other metals.[52]  
Furfural can also undergo decarbonylation to produce furan which is an 
intermediate for the production of chemicals. For example, tetrahydrofuran which finds 
application in the production of polyurethane and as a solvent, can be formed from furan 
hydrogenation. While various catalysts including metal oxides such as Fe, Mo and Cr 
oxides [53, 54] and metals such as Pd, Pt and Ni[55, 56] have been tested for this 
reaction, Pd based catalysts have been the most studied and found to be more active[57, 
58] even though catalyst deactivation has been a drawback.[54, 59] 2-Methylfuran is an 
important component for producing perfume intermediates, fine chemicals and 
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medicines.[60-62] It can be produced via hydrogenation of furfural in a process which 
is exothermic.[60] Due to its exothermic nature, it is difficult to maintain temperature 
control in this industrial reaction which leads to lower yields of 2-methylfuran.[60] Zhu 
et al. has proposed a solution to this challenge by demonstrating that the furfural and 
1,4-butanediol reaction over Cu provides a more effective source of hydrogen (via 
hydrogen transfer between both reactants) and better thermal control to produce 2-
methylfuran and γ–butryolactone which is also an important chemical intermediate. [60] 
1.7 Catalytic active sites on metal-reducible oxide systems 
The catalysis involved when noble metals are supported on a reducible metal 
oxide is very interesting. The interaction between metal and reducible oxides can lead 
to the creation of several catalytically active sites that can play various roles for 
reactions. These sites are shown in Figure 1.3. These interactions between a metal such 
as Ru and oxide TiO2 can be classified as either short or long range. Short range 
interactions refer to those that are close to the metal particle and include reduced 
interfacial sites that are generated along the perimeter of the Ru metal and thin oxide 
films covering some or all of the Ru metal. On the other hand, long range interactions 
are made up of subsurface defects, surface defects and surface hydroxyl groups on the 
TiO2 support. The work that has been done to study these interactions will be presented 
below. 
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Figure 1.3. Noble metal induced sites on Ru/TiO2 
 
 
1.7.1 Short range interactions 
Studies on several reactions such as CO Oxidation, Fischer Tropsch synthesis, 
Reduction of acids amongst others have demonstrated that catalytic activity could be 
enhanced possibly due to the creation of a reducible interface around the perimeter of 
the metal particle.[63-67] Prins et al. argued that the reduction process to form the Ti3+ 
species occurs in close proximity to the metal particle.[68] This was supported by results 
from EPR over Pt/TiO2 which showed that the reduced metal particles occupied around 
the same area as the Ti3+ species. The formation of these reduced Ti3+ species was 
proposed to be due to the spillover of H atoms at 573K by the reduced metal atoms to 
the support thereby forming both Ti3+ and surface hydroxyl groups. Another group 
corroborated this by showing with 1H-NMR that the presence of paramagnetic Ti3+ 
species on the support of the Rh/TiO2 catalytic system was the reason for the observed 
shift of 140ppm after a 573K reduction.[69] Prins et al. proposed that reduction at 773K 
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led to the formation of a Ti4O7 species due to dehydration and this leads to a change in 
the structure of the reduced metal particles on the surface.[68] 
Another important short range interaction is the decoration of a film of oxide 
layer on the metal particle. Bell et al. has studied the role of this partial covering of Ru 
metal by TiO2 at different reduction temperatures.[70] The particle size of the Ru metal 
was estimated from Transmission Electron Microscopy (TEM) at reduction 
temperatures of 573K and 773K and the fraction of Ru atoms available for hydrogen 
uptake was determined by H2 chemisorption and 1H- NMR. The results showed that 
even though an increase in reduction temperature up to 773K did not affect the particle 
size, the ability of the Ru metal to chemisorb hydrogen decreased by a factor of about 
3. Encapsulation of the metal particles with a thin layer of TiOx species was probed by 
electron microscopy with the tendency for smaller particles to be covered more than 
larger ones. Bell et al. also showed that 1H-NMR and not volumetric H2 chemisorption 
is a better technique for the determination of Ru metal dispersion on a Ru/TiO2 catalyst 
because the latter overestimates the H2 adsorbed due to spillover of H atoms from the 
metal to the support.[70] The importance of this decoration was also shown in a study 
in which the activity of a Ru/TiO2 catalyst was probed using the Fischer-Tropsch 
reaction over a Ru/TiO2 catalyst.[71]  While the turn-over frequency (TOF) for CO 
dissociation increased up to a maximum as the TiOx overlayer increased, the selectivity 
to methane formation decreased.[71] It was proposed that this TiOx decoration provide 
sites for dissociation of the C-O bond while the Ru metal provide sites for hydrogen 
adsorption leading to methane formation via hydrogenation. 
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1.7.2 Long range interactions 
Catalytic active sites on reducible oxides can be created due to long range 
interactions between the metal and support. A phenomenon that has generated a lot of 
controversy as to its nature has been the concept of hydrogen spillover. Prins in his 
review on this subject brought to the fore the discussion of hydrogen spillover occurring 
on different types of supports.[72] While it was highlighted that this phenomenon is 
possible over conductive supports, for example carbon and reducible supports such as 
TiO2, hydrogen spillover does not occur over non-reducible and defect-free insulating 
supports. To prove that H spillover is indeed possible over reducible TiO2, the 
Temperature Programmed Reduction (TPR) profiles for physical mixtures of Pt/zeolite 
and Fe2O3 were compared with that of a Pt/TiO2 and Fe2O3 mixture.[73, 74] While for 
the former, there was no change in the reduction temperature of the Fe2O3, the reduction 
temperature of Fe2O3 was shifted to lower temperatures for the Pt/TiO2 and Fe2O3 
mixture. This result showed that the migration of H atoms along the surface of the 
support is indeed possible. 
Another type of long range interaction are surface OH groups on the oxide. 
These groups are believed to be important in migration of compounds derived from the 
lignin fraction of biomass on the TiO2 surface. STM and DFT measurements showed 
that the presence of surface hydroxyl groups greatly enhance the diffusivity of adsorbed 
catechol on anatase TiO2(101).[75] They also proposed that transfer of hydrogen from 
surface OH groups significantly reduced the activation barrier for rotational motion 
across the support surface.[76] The phase of titania plays an important role in the 
position of defects either on the surface or subsurface. From single crystal studies, more 
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surface defect sites have been found on the rutile phase of TiO2 than on anatase under 
identical conditions.[77, 78] Selloni et al. found from theoretical studies that anatase 
TiO2 defects are less stable on the surface than on subsurface sites and that a lower 
energy is required for diffusion from surface to subsurface regions for anatase when 
compared to rutile.[79] They submitted that this could be the reason for the lower 
amount of surface defect sites found on anatase TiO2. Another study also found that 
rutile TiO2 had a greater mass loss of O atoms per nm2 of TiO2 surface area even though 
anatase had a higher total mass loss per catalyst mass.[80] Based on the above 
discussion, it can be seen that subsurface and surface defects may be important for the 
conversion of oxygenates. These defects could serve as catalytic sites for the reaction 
or act as sites where these oxygenates are reduced thereby healing the defect sites.[81, 
82] Studies to show that these healed defect sites can be regenerated during the reaction 
process will prove to be significant.  
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2 Experimental Setup 
2.1 Catalyst preparation 
Ru catalysts with different metal loadings and catalyst supports were prepared 
by incipient wetness impregnation using various Ru precursors and pre-treatment 
conditions as described in detail below.  
A family of Ru catalysts was prepared by impregnation of aqueous solutions of  
ruthenium (III) chloride hydrate (Aldrich, 99.98% trace metals basis) and ruthenium(III) 
nitrosyl nitrate (in dilute nitric acid, 1.5% Ru) precursors on different TiO2 supports 
(Aeroxide P25; Alfa Aesar, Catalyst support Anatase 1/8’’ pellets and Aldrich, Rutile 
nanoparticles). The P25 support is a mixture of anatase and rutile phases with 
~75%:25% composition. Pore volume for the different TiO2 supports were 0.38 ml/g 
Anatase, 0.25 ml/g P25 and 0.20 ml/g Rutile. Prior to impregnation, the TiO2 Anatase 
pellets were reduced to sizes smaller than 500 μm, dried overnight for 12 h and then 
cooled down to room temperature. The TiO2 Rutile and P25 supports were already in 
powder form. Upon impregnation, the catalysts were dried in an oven at 120 °C for 12 
h (overnight), and then calcined in 100 ml/min of flowing air at either 400 or 500 °C for       
4 h. Then the catalysts were pelletized, crushed and sieved to yield particle sizes ranging 
from 250-420 μm (Mesh no. 40-60).  
Also, a batch of Ru/TiO2 and Ru/SiO2 catalysts were prepared by impregnation 
of an aqueous solution of Hexaamineruthenium (III) chloride (98% Sigma Aldrich) onto 
TiO2 support (Aeroxide P25) or SiO2 support (Hisil-210, pore volume = 0.96 ml/g). 
After impregnation, the catalysts were dried in 100 ml/min of flowing air for 48 h at 
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room temperature, then in an oven at 120 °C for 12 h (overnight) and finally reduced in 
a 100 ml/min H2 flow at 400 °C for 2 h. 
2.2 Catalyst characterization 
2.2.1 BET surface area 
BET surface area (m2/g) was measured by nitrogen adsorption on a 
Micromeritics ASAP 2010 instrument. Prior to measurement, samples were degassed at 
300 °C for 3 h. 
2.2.2 BET surface area 
Temperature programmed reduction (TPR) was used to determine the 
reducibility of the catalysts. This was carried out by passing a 5 % H2 /Ar gas mixture 
at 30 ml/min over 30-50 mg catalyst samples. The temperature was ramped up from 
room temperature to 800 °C at a 10 °C/min linear rate. The effluent gas from the reactor 
was dried with drierite before introduction to a thermal conductivity detector (TCD, SRI 
110). The thermal conductivity of the effluent gas was compared with that of pure argon 
gas at the same flow rate. When required, the amount of ruthenium metal on the catalyst 
was quantified using a copper (II) oxide standard (Sigma-Aldrich) to determine the 
hydrogen uptake on the catalysts by assuming all of the Ru is present in the form of 
RuO2. 
2.2.3 X-ray powder diffraction (XRD) 
X-ray diffraction (XRD) measurements were conducted using a Rigaku 
Automatic diffractometer (Model D-MAX A) equipped with a curved crystal 
monochromator. It was operated at 40 kV and 35 mA with Cu Kα radiation as a source 
using an angle range of 10-75° with a count time of 1.0 s and step size of 15. The well 
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ground catalyst sample was put on a plastic slide and spread to get a flat surface. When 
it was required to estimate Ru metal particle size by XRD, samples were pre-reduced in 
H2 flow at 400 °C for 1 h and then cooled down to room temperature in N2 flow. 
2.2.4 Transmission electron microscopy (TEM) 
Ru particle size distribution and average particle size was determined by high 
resolution transmission electron microscopy (TEM, JEOL JEM-2100 model). Prior to 
the analysis, samples were pre-reduced at the desired temperature. The samples were 
then suspended in isopropanol and sonicated to obtain a uniform suspension before 
depositing a few drops on carbon-coated copper TEM grids and dried before 
measurements.  
2.2.5 Ethylene hydrogenation 
Exposed Ru metal surface area was probed using the structure-insensitive 
ethylene hydrogenation reaction at low temperature. This reaction was measured in a 
flow reactor system at 40 °C and atmospheric pressure. Typically catalyst samples were 
reduced in 100 ml/min H2 flow at the appropriate temperature and then cooled down to 
40 °C before introduction of the ethylene and hydrogen feed gases at a molar ratio of 
1:50. An online gas chromatograph system equipped with a Varian CP-Al2O3 PLOT 
column (50 m, 0.32 μm) or Poraplot U column (27.5 m, 250 μm) was used for product 
analysis. 
2.3 Catalytic activity measurements 
Catalytic activity measurements were determined in a ¼ in OD quartz reactor at 
atmospheric pressure in vapor phase. When small catalyst amounts were required, the 
catalyst particles were diluted in acid washed inert glass beads (Sigma Aldrich, Part 
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number: G1277, particle size range of 212-300 μm) and then placed between two layers 
of quartz wool in the reactor tube while also filling the empty space above the catalyst 
bed with 1 mm diameter glass beads to ensure that the feed is vaporized uniformly 
starting from the heated inlet zone. The appropriate feed was introduced at a flow rate 
(typically between 0.05 – 0.25 ml/h) from a syringe pump (Cole Palmer).  The transfer 
line from the reactor outlet to the six port valve was heated to the appropriate 
temperature (usually between 250 °C and 300 °C) to prevent condensation of 
compounds in the lines during reaction runs. The catalysts were reduced in situ with 100 
ml/min hydrogen flow at the appropriate reduction temperature (250 °C – 600 °C) 
before introducing the feed. Reactions were carried out at temperatures usually in the 
range of 250 °C – 400 °C. Product distribution was analyzed using online gas 
chromatography fitted with a flame ionization detector (Agilent 5890) and a 
chromatographic column (HP-5 or HP-INNOWAX) as appropriate.  
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Reactant conversion, Product selectivity and yield were calculated as shown 
below: 
 
                 Conversion (mol%) = mol of reactant reacted
mol of reactant fed 𝑥𝑥100 
 
Product Selectivity (mol%) = mol of product formedmol of reactant consumed  𝑥𝑥100 
 
                  Product Yield  (mol%) = Selectivity ∗ Conversion/100  
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3 Elucidating the role of TiO2 morphology in enhancing catalytic 
performance of Ru/TiO2 catalysts for the conversion of guaiacol 
3.1 Introduction  
Fast pyrolysis is a popular technique for the conversion of biomass into liquid 
fuels and pyrolysis of the lignin fraction contained in lignocellulosic biomass produces 
a mixture of phenolic compounds, guaiacol being one of the most important compounds 
in this family.[1, 8]  Guaiacol contains the methoxy and hydroxyl functionalities which 
presents it as a relatively simpler candidate that can represent the chemistries of the 
more complex compounds produced from this fraction. The high oxygen content in this 
stream contributes to some undesirable properties found in bio-oil, therefore making it 
imperative to carry out deoxygenation reactions, preferably before condensation of the 
pyrolysis vapors to produce valuable aromatic hydrocarbons and also utilize catalysts 
that can minimize the loss of carbon to light gases during these reactions.[10-12, 46, 83] 
Ruthenium based catalysts have shown promise for bio-oil vapors upgrading and 
been found to be active even under conditions in which water and oxygenated 
compounds are present.[46, 84] Ruthenium is cheaper by an order of magnitude than 
metals such as Platinum and Palladium and is more active for hydrodeoxygenation than 
Iron or Nickel even though it is more expensive than these metals.[31, 85, 86] Despite 
these advantages, the use of ruthenium catalysts for industrial applications has been 
limited primarily due to the high mobility of the ruthenium oxides in high temperature 
oxidation environments. These conditions employed either during synthesis/pre-
treatment, during reaction, or during catalyst regeneration by burning off coke deposits 
leads to sintering of Ruthenium species. It is therefore important to develop stable 
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ruthenium catalysts that can be useful for industrial applications. Critical to this 
development is the improved basic understanding of the role of support phase on the 
stabilization of Ru particles under oxidizing conditions, and the resulting impact on 
catalytic performance and the ability to create highly active sites for the conversion of 
oxygenates. It has been demonstrated that the combination of Ru with the reducible 
oxide support TiO2 results in a significant enhancement in both the activity and catalyst 
stability for the conversion of lignin-derived model compounds.[46] Even in the 
presence of real bio-oil vapors under similar conditions, this same catalyst showed 
promise for improving the thermal stability of the resulting bio-oil.[46]  
This chapter is devoted to understanding the role of TiO2 support phase (anatase 
versus rutile) and the effect of catalyst pre-treatment conditions (calcination 
temperature) on the activity of Ru/TiO2 for the conversion of guaiacol and the selectivity 
to various deoxygenated products which can be suitable for use as transportation fuels 
and chemicals. The nature of active sites produced on this catalyst as a result of the 
synergy between Ru and TiO2 and their role in the conversion of guaiacol will also be 
discussed. 
3.2 Catalyst characterization results 
The surface areas for the pure TiO2 support and ruthenium catalysts are 
presented in Table 3.1. All the catalysts have surface areas within the range of 50–170 
m2 /g. It can be seen that even though the surface area of the P25 support is almost three 
times lower than that of pure anatase, the loss in surface area upon introduction of the 
Ru metal on this support is little compared to the Ru supported on pure anatase. The 
anatase polymorph of TiO2 is thermodynamically less stable than the rutile phase. 
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Increase in calcination temperature lead to a loss in surface area of pure anatase, which 
has been ascribed to pore collapse.[87, 88] P25 is a mixture of both anatase and rutile 
phases (~75% Anatase, 25% Rutile), with a lower surface area compared to pure 
anatase, resulting in improved stability upon increase in calcination temperature. 
Temperature Programmed Reduction (TPR) profile peaks for the catalysts are 
shown in Figure 3.1. Reduction of the RuO2 species occurs around 160 °C.[89] The 
small peak at about 100 °C for the RuTi400 catalyst has been identified as occurring 
due to the reduction of RuCl3. The RuCl3 species is as a result of the residual chloride 
on the sample even after calcination at 400 °C. A higher calcination temperature of 500 
°C is suﬃcient to eliminate these species hence the absence of this peak in the TPR 
profile of RuTi500. The metal loading of each catalyst as determined by quantitative 
TPR is shown in Table 3.1. It is seen clearly that Ru metal was not lost as a result of 
increasing calcination temperature for all the ruthenium catalysts. Therefore the 
diﬀerence in catalytic activity cannot be attributed to this factor. 
Table 3.1. Measured physical properties and characteristics of the catalysts used in 
this study 
 
 
XRD profiles for the catalysts are presented in Figures 3.2 and 3.3. No bulk 
phase change from anatase to rutile due to the calcination temperature for RuTi400 and 
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RuTi500 is observed so the only bulk phase present for this titania support is anatase as 
deduced from the absence of any rutile peaks. The distinct anatase and rutile phases are 
observed on the RuTiP400 and RuTiP500 as expected. In Figure 3.2, the RuO2 peaks 
on the unreduced catalyst samples are present for RuTi400 and RuTi500 at 2θ = 28° and 
34.95° but this peak overlaps with the rutile phase of the P25 samples, RuTiP400 and 
RuTiP500 within the range of 2θ = 26.95° to 28.65° and 34.75° to 36.75°. The metallic 
Ru peak is observed at 2θ = 44° for all the reduced catalyst samples in Figure 3.3.  
 
 
 
Figure 3.1. Temperature Programmed Reduction profiles of a) RuTi400, b) RuTi500, 
c) RuTiP400, d) RuTiP500 
 
 
It is important to note as mentioned previously that under the calcination 
conditions reported here, no measurable shift of the bulk crystal structure from anatase 
to rutile TiO2 is observed in any of the cases. For the P25 supported samples, no shift is 
observed in the ratio of intensities of peaks representing anatase (2θ = 25.5°, 38.1°, 
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48.2°, and 54°) to rutile (2θ = 27.6° and 36.3°) upon calcination. This is in agreement 
with literature results that demonstrate the anatase–rutile transition at much higher 
temperatures than those reported here.[88, 90-92] 
 
 
 
 
Figure 3.2. XRD profiles for unreduced samples of a) TiO2 Anatase, b) TiO2 P25, c) 
RuTi400, d) RuTi500, e) RuTiP400, f) RuTiP500, A and R denote the peaks 
corresponding to anatase and rutile crystal phases, respectively. 
 
Ruthenium metal particle sizes were estimated using the Scherrer equation from 
XRD line broadening measurements. Table 3.1 shows that the Ru particle size increases 
with the calcination temperature for the anatase supported Ru catalysts while the change 
in particle size is not as significant for the P25 supported catalysts. This is a very 
interesting result considering the greater support surface area of anatase supports in all 
cases.  
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Figure 3.3. XRD profiles for reduced samples of a) RuTi400, b) RuTi500, c) 
RuTiP400, d) RuTiP500 
 
 
This trend in particle size was also confirmed with TEM as shown in Table 3.1. 
Representative TEM images are shown in Figures 3.4, 3.5 and 3.6. Metal dispersion 
was estimated by assuming, in accordance with the previous literature, that a blend of 
the 001, 100 and 110 planes are exposed for Ru with a metal atom surface area of 0.0909 
nm2 and exposed metal atom volume of 0.01365 nm3.[93] The Ru metal particle sizes 
estimated for RuTiP400 and RuTiP500 were 2.4 nm and 2.7 nm, respectively, which 
are similar despite the increase in calcination temperature. This was not the case for the 
anatase supported Ru catalysts, RuTi400 and RuTi500, where an increase in particle 
size was observed upon calcination at 500 °C. It is important to note that the average 
particle sizes estimated via XRD are larger than those estimated via TEM. This is likely 
due to the inability of XRD measurements to detect the smaller particles due to line 
broadening, shifting the particle size distribution to larger diameters.  
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Figure 3.4. TEM image of RuTi400 samples pre-reduced at 400°C for one hour 
before imaging. 
 
  
The mobility of ruthenium oxides in the presence of air is well known, and, as 
will be discussed below, the crystal phase of the support has been shown to have an 
influence on the mobility of the oxides and final Ru particle sizes obtained. Carballo et 
al.[94] compared diﬀerent ruthenium based catalysts supported on pure anatase, P25 
and silica–alumina using infrared spectroscopy and CO hydrogenation reactions to 
elucidate the influence of the support on the properties and activity of the catalysts. They 
found, in agreement with these results, that Ru supported on P25 had a significantly 
better dispersion than that supported on pure anatase TiO2.[94]  
 
Ru 
Ru 
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Figure 3.5. TEM image of RuTiP400 samples pre-reduced at 400°C for one hour  
before imaging. 
 
The mobility of ruthenium oxides in the presence of air is well known, and, as 
will be discussed below, the crystal phase of the support has been shown to have an 
influence on the mobility of the oxides and final Ru particle sizes obtained. Carballo et 
al.[94] compared diﬀerent ruthenium based catalysts supported on pure anatase, P25 
and silica–alumina using infrared spectroscopy and CO hydrogenation reactions to 
elucidate the influence of the support on the properties and activity of the catalysts. They 
found, in agreement with these results, that Ru supported on P25 had a significantly 
better dispersion than that supported on pure anatase TiO2.[94]  
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Figure 3.6. TEM image of RuTiP500 samples pre-reduced at 400°C for  
one hour before imaging. 
 
The authors proposed that the rutile phase of P25 can serve as an anchor for the 
RuO2 species since they have similar crystal structures. Electron microscopy results 
from the study showed that the Ru was preferably anchored on the rutile phase of P25 
TiO2,[94] and this is reasonable based on findings that the anatase and rutile phases in 
P25 exist distinctly.[95] The diﬀerentiation between the anatase and rutile phases was 
achieved by either identifying the lattice d-spacing of both phases[94, 96] or by indexing 
the diﬀraction patterns obtained from the high resolution images of the particles.[94] It 
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was claimed that agglomeration of the Ru species on pure anatase resulted in the poor 
dispersion on this support due to the diﬀerence in crystal structures between anatase 
TiO2 and rutile RuO2.[94] The results presented here are in agreement with the findings 
by Carballo et al., therefore it is reasonable to propose that the high temperature 
calcination treatment on the pure anatase support could lead to an agglomeration of the 
Ru oxide particles since they are not stabilized on this TiO2 phase hence the very low 
dispersion measured on RuTi500.[94] In addition to the average metal particle size due 
to agglomeration of RuO2 crystals, Ru/TiO2 systems are known to exhibit strong metal 
support interactions under reducing conditions above ∼400 °C.[70, 71] Because of this, 
it is necessary to measure not only metal particle size, but also the exposed metal, as 
part of the metal may be covered by the support. When supported on TiO2, 
complications arise with most standard chemisorption techniques for a variety of 
reasons. Typical hydrogen chemisorption can lead to overestimated metal surface area 
over reducible supports such as TiO2 due to spill-over to the reducible oxides.[72] CO 
chemisorption can also lead to exaggerated estimated conversions due to adsorption of 
CO on the reduced support. Because of these challenges, a structure-insensitive 
hydrogenation reaction could serve as a probe for the exposed metal surface area. We 
have chosen low temperature ethylene hydrogenation, a classical structure insensitive 
reaction,[97] as a probe of the exposed Ru. It should be noted that while ethylene 
hydrogenation is structure insensitive, the hydrogenolysis of ethane is not.[98] While 
higher temperatures can lead to a variety of surface species,[99] we observe no 
hydrogenolysis products under the conditions utilized here. 
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The rates of ethylene hydrogenation compared at 50% conversion of ethylene in 
all cases are reported in Table 3.2. These rates were used to estimate the percentage of 
exposed surface area, by first assuming that the exposed surface area of RuTi400 was 
equal to the surface area estimated by TEM. This rate was then used to estimate the 
percentage of exposed Ru for all of the other Ru/TiO2 catalysts. It is important to note 
that no measurable conversion of ethylene was observed over TiO2 alone. The ratios of 
the exposed Ru surface areas estimated from all techniques follow a similar trend, with 
one exception. The exposed Ru surface area is slightly higher over RuTiP400 and 
RuTiP500 than over RuTi400 as measured by TEM and XRD, while the exposed area 
among the three are similar when estimated via ethylene hydrogenation rates. The 
discrepancy may be due to the presence of SMSI preferentially occurring over the P25 
samples, decreasing the relative amount of exposed surface area for hydrogenation to a 
greater degree upon reduction at 400 °C.  
Table 3.2. Ethylene hydrogenation rates at T=40oC and atmospheric pressure at 
conversion ~ 50% 
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This result is in agreement with observations that smaller Ru particles undergo 
encapsulation more readily than larger ones when supported on TiO2.[70] It is worth 
noting that if a fraction of the RuTi400 sample is encapsulated with amorphous TiO2 
due to SMSI, the exposed surface areas of Ru for all catalysts reported in Table 3.2 will 
be slightly smaller than reported, but the trends and conclusions will be the same. 
3.3 Guaiacol hydrodeoxygenation over Ru/TiO2 catalysts 
It has been shown that a synergistic eﬀect exists when combining Ru with the 
reducible oxide TiO2 for the conversion of guaiacol.[46] Ru supported on TiO2 was 
found to be significantly more active than the other non-reducible supports such as C, 
SiO2 and Al2O3 for guaiacol conversion.[46] Interestingly, it was observed that while 
Ru supported on non-reducible supports containing Lewis acidity such as Al2O3 
catalyzed transalkylation to methylcatechols, no dioxygenated species were observed 
over Ru/TiO2 catalysts. It was proposed that defects created on TiO2 due to the presence 
of Ru play an important role in guaiacol deoxygenation. The results for the conversion 
of guaiacol over all the catalysts to the major products consisting of phenol, cresols, di- 
and tri-alkylated phenols, and deoxygenated aromatics as a function of W/F are shown 
in Figures 3.7 - 3.10.  
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Figure 3.7. Conversion/Yield(mol%) vs W/F for guaiacol conversion on RuTi400 
T = 400oC, P=1atm, (mol H2/mol guaiacol) = 60, TOS = 50min. 
 
While it is clear that the rates of conversion to each product are substantially 
diﬀerent, what may not be immediately evident is the remarkably similar product 
selectivities obtained over all of the catalysts. This trend can be observed in Figure 3.11 
at guaiacol conversion of ~50%. The sum of all other minor products, including anisole, 
deoxygenated aromatics, and alkylated species with greater than three methyl groups 
account for less than ∼5% of the product selectivity below 100%  guaiacol conversion 
in all cases. 
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Figure 3.8. Conversion/Yield(mol%) vs W/F for guaiacol conversion on  
RuTi500 T = 400oC, P=1atm, (mol H2/mol guaiacol) = 60, TOS = 50min. 
 
 
 
 
 
 
 
 
 
 
Figure 3.9. Conversion/Yield(mol%) vs W/F for guaiacol conversion on  
RuTiP400 T = 400oC, P=1atm, (mol H2/mol guaiacol) = 60, TOS = 50min. 
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Figure 3.10. Conversion/Yield(mol%) vs W/F for guaiacol conversion on  
RuTiP500 T = 400oC, P=1atm, (mol H2/mol guaiacol) = 60, TOS = 50min. 
 
 
 
 
 
 
 
 
 
 
Figure 3.11. Selectivity to phenol, cresols, and di-and tri-alkylated phenols over  
various Ru catalysts at ~50 % conversion T=400oC, P=1atm, (mol H2/mol guaiacol) 
=60, TOS=50min. 
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The very similar product distribution as a function of conversion implies that a 
similar type of active site is responsible for guaiacol conversion across the various 
catalysts employed. This is even more convincing considering the very diﬀerent ratios 
of TiO2 to exposed Ru surface area available for guaiacol conversion across the various 
catalysts. As mentioned previously, it has been demonstrated that the rate of guaiacol 
conversion over Ru/TiO2 is greatly enhanced when compared with Ru supported on 
other non-reducible supports, as well as over TiO2 alone.[46] This synergy was 
proposed to be due to the creation of new highly active sites either at the interface 
between the metal and the support, or through spillover to create oxygen vacancies on 
the support. Because the product selectivity is so similar across the various catalysts, 
the rate of guaiacol conversion can help to better understand the nature of these active 
sites. Table 3.3 shows the rates of guaiacol conversion estimated at a constant guaiacol 
conversion of 50 % normalized to a surface area of Ru and a surface area of TiO2. While 
the rates reported here are lower than the initial rates, the near identical selectivity of 
the various catalysts implies that the conclusions drawn on this basis will hold true in 
both cases. Rates per Ru surface area are expressed both in terms of the surface areas 
estimated via TEM, as well as those estimated via ethylene hydrogenation reported in 
Table 3.2.  
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Table 3.3. Rates of guaiacol conversion per metal and TiO2 surface areas for all   
catalysts, T = 400 °C, P = 1 atm, mol H2/mol guaiacol = 60, TOS = 90 min, 
Conversion ∼50% unless otherwise noted 
 
 
a Rates were estimated using particle sizes estimated from TEM and ethylene 
hydrogenation rates. b Rates were obtained at a guaiacol conversion of 23% c Rates 
obtained at a guaiacol conversion of 14%  
 
It is immediately obvious from Table 3.3 that the rate per Ru atom is greatly 
enhanced when compared to the rate per surface area of Ru supported on SiO2. This 
diﬀerence in rates is conservative, as the rate over Ru/SiO2 was obtained at a lower 
conversion of 23 % with an exposed Ru surface area estimate at 6.6 m2/g as previously 
reported,[46] which is within the range of particle sizes obtained for the Ru/TiO2 
catalysts employed in this study. This suggests that the Ru alone is not the active species 
responsible for guaiacol conversion. Similarly, the rate of conversion per TiO2 surface 
area is greatly enhanced over each Ru/TiO2 catalyst when compared to pure anatase 
TiO2 at a guaiacol conversion of 14 %. These results confirm the significant synergy 
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between the Ru and TiO2 to create active sites that are nearly two orders of magnitude 
more active than either Ru or TiO2 alone. The important question to address is whether 
these active sites are around the perimeter of the metal particles at the Ru/TiO2 interface, 
or whether they are active sites due to oxygen vacancies created on the TiO2 support 
that result from hydrogen spillover. 
From Table 3.3, the rate of guaiacol conversion per TiO2 surface area is higher 
for RuTiP400 when compared to RuTi400 while the opposite trend is observed for the 
rate per exposed Ru metal surface area. This trend holds true regardless of whether the 
rate per Ru surface area is expressed in terms of surface area estimated via TEM or 
exposed surface area estimated from ethylene hydrogenation. This is an interesting 
result since it could be expected that the smaller Ru particle size of RuTiP400 when 
compared with RuTi400 would result in higher guaiacol conversion rates. Several 
reactions are known to have an enhancement at the perimeter between the active metal 
and the TiO2 due to the ability to activate specific bonds. For example, Resasco and 
Haller demonstrated that the normalized rate of hydrogenolysis of ethane and butane 
over Rh/TiO2 catalysts could be explained not by the exposed Rh surface area, but by 
the normalized perimeter.[98] Bell et al. demonstrated the importance of the Ru/TiO2 
interface for the activation of C–O in Fischer–Tropsch synthesis.[71] It is important to 
note that in these results, the exposed surface area of Ru is similar for both RuTi400 and 
RuTiP400, although the rate per exposed Ru surface area is roughly double or more than 
double over the higher surface area anatase supported catalysts. In terms of the perimeter 
around the Ru/TiO2 interface, the TEM results indicate that the particles supported on 
P25 are smaller than those on anatase, while the exposed surface area is the same. Based 
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on these results, the perimeter surface area would be greater over RuTiP400 and 
RuTiP500, so the perimeter sites are likely not solely responsible for the enhanced 
activity. 
The rates of guaiacol conversion shown in Table 3.3 per exposed surface area of 
TiO2 demonstrate the opposite trend, with the higher rates observed on the P25 
supported samples indicating that the rate of hydrogen spillover over the TiO2 surface 
may be greater over the rutile polymorph. This result is in agreement with the results of 
reduction kinetics from Barteau et al., who compared Ru supported on anatase and rutile 
TiO2.[80] They demonstrated that both the surface density of defects and rates of 
migration of defects on anatase and rutile phases of TiO2 are diﬀerent, with a greater 
amount of defects existing on the surface of rutile TiO2 than anatase TiO2. They also 
found that the rate of reduction on rutile was 2.5 times faster than anatase, and they 
attributed this diﬀerence to the varying cation densities on the low index planes. In the 
absence of Ru, they demonstrated through kinetic fitting that the rate limiting step for 
reduction was the interaction between a H atom adsorbed on the surface and a surface 
O atom. They proposed that a possible explanation could be due to a limited quantity of 
adsorbed H atoms on the surface. The addition of Ru shifted this step to a non rate-
limiting step, shifting the limiting step of the reduction to the rate of defect healing from 
the bulk. It was proposed that a possible role of the Ru is to supply more H atoms to the 
surface via spillover. In the case of guaiacol conversion, however, it is conceivable that 
one of the oxygen atoms in guaiacol heals the defects on the surface at a more rapid rate 
and shifts the rate- limiting step back to hydrogen spillover and migration across the 
surface. 
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It is proposed that the diﬀerence in rates per TiO2 surface area and per exposed Ru 
surface area observed between RuTi400 and RuTiP400 can be explained by the roles 
played by defects in the TiO2 during guaiacol deoxygenation to form phenolics. The 
rutile phase of TiO2 has been shown to have more surface defects compared to the 
anatase phase as discussed above. It can therefore be envisioned that more defects, 
created by a greater ability of Ru to spillover hydrogen on P25, could be generated on 
RuTiP400, which could explain the higher rates per total surface area. 
3.4 Conclusion  
In this chapter, guaiacol conversion over Ru/TiO2 catalysts was studied by 
examining the effects of titania support phase and catalyst pre-treatment conditions 
(calcination temperature). It has been demonstrated that the titania support phase plays 
an important role in preventing agglomeration of ruthenium species under oxidizing 
conditions. While the size of the Ru particles on pure anatase supported Ru/TiO2 was 
largely aﬀected by increase in calcination temperature, it was proposed that these 
particles were stabilized by the rutile phase of the P25 support during calcination and 
this led to similar particle sizes upon calcination at higher temperatures. This results in 
the potential for enhanced stability after catalyst regeneration. Furthermore, by 
comparing the guaiacol conversion rates normalized to the surface area of the metal and 
the support, it was concluded that hydrogen spillover from Ru to produce oxygen 
vacancies on TiO2 is the primary mechanism for the enhanced guaiacol conversion over 
Ru/TiO2 catalysts. 
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4 Mechanism of Anisole reaction over Ru/TiO2 
4.1 Introduction  
Even though Ru based catalysts have been investigated for hydrodeoxygenation 
of model bio-oil compounds such as guaiacol, the mechanism for the conversion of these 
oxygen containing molecules on Ru catalysts is not well understood.[46, 100] The 
complexity of this model compound, which contains both the hydroxyl and methoxy 
function, makes it difficult to propose a pathway that can provide valuable information 
on both primary and secondary products and also the initial reactions that occur over 
the catalyst surface. 
Based on this, anisole has been chosen as a representative phenolic compound 
because it is a simpler molecule containing the methoxy (O-CH3) functionality which is 
a part of most phenolic compounds. It is expected therefore that the reactivity of anisole 
will therefore be similar to more complex molecules such as guaiacol. This section sheds 
some light on the mechanism of anisole hydrodeoxygenation over the Ru/TiO2 catalyst. 
It will be demonstrated that anisole reacts dominantly via a sequential pathway in which 
the O-CH3 aliphatic bond is cleaved first to produce phenol as a primary product which 
can then either further react with surface methyl groups to form species such as cresols 
and xylenols or undergo further deoxygenation to benzene, which is a secondary 
product. The synergy between Ru and TiO2 for the formation of active sites at the 
Ru/TiO2 interface or oxygen vacancies on the TiO2 support, which are proposed to play 
an important role, asides from the Ru metal function, for this reaction will also be 
demonstrated by comparing with a pure metal catalyst Ru/C and pure TiO2. The role of 
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these highly active sites has been shown previously for the conversion of guaiacol over 
Ru/TiO2 catalysts.[46, 100] 
4.2 Catalyst characterization results  
Table 4.1 shows the physical properties of the catalysts used in this study. Only 
a slight decrease in surface area was observed after impregnation of TiO2 with Ru metal 
followed by calcination at 400 °C and this is consistent with literature considering that 
the calcination temperature is moderate and should not lead to excessive pore collapse 
and loss of surface area.[87, 88] Particle sizes were estimated via TEM by counting at 
least 100 particles. Table 4.1 also shows that the average particle size of the Ru/TiO2 
catalyst was 3.3 nm while Ru/C had smaller particles with an average size of 1.7 nm. 
Thus we can obtain good dispersions for both catalysts. The lower exposed area of Ru 
metal for Ru/TiO2 suggests that a smaller fraction of Ru on this catalyst is responsible 
for catalytic activity when compared to Ru/C. 
XRD profiles for the pure TiO2 support, unreduced and reduced Ru/TiO2 are 
presented in Figure 4.1. Distinct peaks attributed to the anatase phase of TiO2 are 
observed for the pure TiO2 support and this is reasonable since the support is pure 
anatase and no bulk phase transformation to the rutile phase is expected to occur after 
calcination at 400 °C. RuO2 peaks seen at 2θ = 28 ° and 34.95 ° for the unreduced 
samples disappear after reduction in hydrogen and gives rise to a Ru metal peak at 2θ = 
44 °. 
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Table 4.1. Properties and characteristics of the catalysts utilized for this study.  
Particle sizes were determined using TEM. 
 
 
 
 
 
Figure 4.1. X-ray diffraction patterns for a) TiO2, b) unreduced Ru/TiO2,  
c) reduced Ru/TiO2 
 
4.3 Anisole hydrodeoxygenation 
Figure 4.2 shows a plot for the conversion of anisole over Ru/TiO2 and product 
yields as a function of W/F. The product distribution obtained from this reaction are 
aromatic hydrocarbons (benzene, toluene and xylenes), mono-oxygenated aromatics 
such as phenol and alkylated mono-oxygenates such as cresols, 2-methylanisole, 
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xylenols and trimethylphenol. From the shape of the phenol formation curve, it appears 
to be a primary product.  
 
 
 
Figure 4.2. Conversion/ Product Yield vs W/F for anisole conversion over  
Ru/TiO2 T=400 °C, P=1atm, TOS = 50mins 
 
 
At the lowest conversion of 10.9%, it is the dominant product (yield = 6.1 mol%) 
and its formation reaches a maximum (yield = 16.3 mol%) at intermediate conversions 
before dropping significantly at higher contact times (yield = 8.7 mol%). This is due to 
further deoxygenation to form benzene at high conversions. This can also be seen from 
the initial lower yield of benzene (1.6 mol%) compared to phenol (6.1 mol%) at the 
lowest conversion of 10.9%. The benzene yield then increases almost linearly with 
conversion to attain a maximum value of 49.9 mol%. 
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To have a better understanding on the classification of primary and secondary 
products of anisole HDO over Ru/TiO2, plots of product yield versus conversion at 
moderately low anisole conversions (<35%) for the various products are shown in 
Figures 4.3 and 4.4. It can be seen from the shape of the curve in Figure 4.3 that phenol 
has a finite slope at these low conversions while benzene on the other hand has a slope 
close to zero from Figure 4.4. Based on this, it can be concluded that phenol, not 
benzene, is a primary product for anisole HDO over Ru/TiO2.  
 
 
 
 
Figure 4.3. Product Yield vs Conversion for anisole conversion over Ru/TiO2  
showing Phenol, Cresols, 2-MethylAnisole. T=400 °C, P=1atm, TOS = 50mins 
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Figure 4.4. Product Yield vs Conversion for anisole conversion over Ru/TiO2  
showing Benzene, Toluene, Xylenes and di-,tri-alkylatedphenols. T=400 °C, 
P=1atm, TOS = 50mins 
 
Also, an interesting comparison between the evolution of phenol and                                    
2-methylanisole can be helpful in understanding the mechanism of anisole conversion. 
If a bimolecular pathway dominates, equal yields of phenol (PHE) and 2-methylanisole 
(2MA) giving a ratio of 1 should be observed especially at low anisole conversions. 
This is because in this pathway as seen from the scheme in Figure 4.5, two molecules 
of anisole reacts to produce phenol and 2MA. Contrary to this, data from Figure 4.3 
shows that at low conversion (10.9%), the ratio of phenol to 2MA is 18 which is far 
greater than unity. In fact, the ratio is still far greater than unity (PHE/2MA = 14) at 
31% conversion. This is proof that the bimolecular mechanism is not likely to be the 
dominant pathway for anisole conversion over Ru/TiO2 under these conditions. Taken 
together, it can be proposed that a sequential (or dissociative) pathway also shown in 
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Figure 4.5 is the likely dominant pathway for anisole conversion over this catalytic 
system. In this pathway, the aliphatic O-CH3 bond of anisole is preferentially cleaved 
on the catalyst surface to form phenol and a methyl group as a first step instead of the 
cleavage of the aromatic - OCH3 bond which will form benzene and methanol or 
interacting with another anisole molecule to form phenol and 2-methylanisole. The 
methyl group could be deposited on the Ru metal and then hydrogenated to form 
methane, which is a gaseous product, or on TiO2 support sites upon which it can act as 
an alkylating agent for other molecules to form cresols, xylenols, methylanisoles and 
other alkylated products. This mechanism will be discussed further later in this section.  
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5. Likely reaction mechanisms for anisole transalkylation reaction  
[Ref. 109] 
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The emergence of phenol in this work as a primary product of anisole HDO over 
metal supported catalysts is supported by literature studies on different supported metal 
systems. Xinli et al. investigated anisole conversion over various catalysts such as 
Pt/SiO2, HBeta, ZSM-5 and a bifunctional Pt/HBeta and found that demethylation of 
anisole over Pt was the major reaction when the metal function was prominent as in 
Pt/SiO2.[101] This pathway has also been proposed to occur on NiMo and CoMo-based 
catalysts as well as Rhenium based catalytic systems with different feeds that have the 
methoxy and hydroxyl functions and this highlights the role of the metal.[36, 37, 102-
106] As expected from this reaction on metal catalysts in literature, phenol and methane 
were primary products at low W/F’s with the product selectivity shifting from phenol 
to benzene at higher contact times. It was proposed that the aliphatic O-CH3 bond is 
cleaved on the Pt metal with the methyl group being lost as methane after 
hydrogenation.[101]  This aliphatic bond can also be broken on acid sites as was 
demonstrated on Hbeta, an acidic zeolite catalyst. On HBeta, phenol and methyl anisole 
were primary products demonstrating that the methyl group can be preserved on the 
aromatic ring when acid sites are involved in the reaction.[101] Other alkylated 
aromatics such as cresols, xylenols and trimethylphenols were formed at higher W/F’s 
which is consistent with retaining the methyl groups on the acid catalyst. Even though 
a bimolecular pathway for transalkylation is favored.[107], it is also possible that the 
alkylated products are formed via a unimolecular pathway. By this mechanism, the 
methoxy bond is broken on the acid sites of the catalyst which can then facilitate the 
transfer of the methyl group to the aromatic ring of another compound.[36, 107]  
Interestingly, the bifunctional Pt/HBeta was found to be superior to both pure metal or 
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acid catalysts as it had both hydrodeoxygenation and transalkylation functions due to a 
synergistic effect of both functionalities.[101] It was proposed that the methyl retention 
ability of Pt/HBeta was accelerated by the presence of Pt hence the lower formation of 
methane on this bifunctional catalyst and the close contact between the acid sites on the 
zeolite and Pt metal served to enhance the hydrodeoxygenation rate.[101]   
Therefore the results presented above are consistent with previously reported 
findings for other metal supported systems with the synergy between the Ru metal and 
TiO2 support playing an important role. Phenol, which is preferentially formed at low 
conversion levels can then be further deoxygenated as W/F increases to produce 
benzene as a secondary product as demonstrated in Figure 4.2 and Figure 4.4. Also, 
cresols can be formed via two pathways. The first pathway involves alkylation of phenol 
with methyl groups on the TiO2 surface while the second is via cleavage of the aliphatic 
O-CH3 bond of methylanisoles. Figure 4.4 also shows that toluene is a secondary 
product formed from the deoxygenation of cresols. Further alkylation of cresols also 
occurs to form xylenols which can be further deoxygenated to form xylenes. Low 
amounts of trimethylphenols are also observed. Further discussion will be presented in 
the next section to solidify claims that a sequential pathway is dominant for this reaction 
under these conditions. 
4.4 Mechanism of anisole conversion 
It will be important to understand the mechanism by which anisole reacts over 
Ru/TiO2. An important question to answer is whether the reaction occurs via a 
sequential (dissociative) pathway, bimolecular pathway or concerted mechanism. A 
sequential mechanism will involve cleavage of the aliphatic O-CH3 bond, as a first step, 
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to form phenol and release a methyl group which can then serve as an alkylating agent 
for other aromatic species such as anisole, phenol and cresols to yield various products, 
provided the methyl group is located on the TiO2 surface. If the methyl group ends up 
on the Ru metal, then it will be hydrogenated to form methane since the reaction is 
carried out in the presence of hydrogen. The reduced Ru metal can be expected to 
catalyze that reaction. Active sites created due to the interaction of Ru with the TiO2 
support could also play a role in the conversion of anisole to deoxygenated aromatic 
products. It has been shown that these sites ae important for the deoxygenation of 
guaiacol over the same Ru/TiO2 catalyst.[46, 100] This catalyst demonstrated higher 
activity for guaiacol conversion compared to Ru supported on SiO2, C and Al2O3. This 
was attributed to the synergism between Ru and TiO2 by which hydrogen spillover can 
occur from Ru to the TiO2 support, thereby producing interfacial sites at the Ru 
perimeter or oxygen vacancies on the TiO2 support far away from the metal. Also, Popov 
et al. studied the interaction of phenolic compounds such as phenol, anisole and guaiacol 
over oxide surfaces using infrared spectroscopy.[108] They showed that anisole prefers 
to interact with silica via H-bonding and not via formation of phenate species as in the 
cases of phenol and guaiacol. It was proposed that the methyl group on anisole has little 
effect on the electron density of the aromatic ring.[108] On alumina however, the 
interaction of anisole with the surface was found to be due mainly to the formation of 
phenates just like in the case of phenol.[108] The electron rich O atom of anisole 
interacts with the Lewis acid site of alumina after which the aliphatic O-CH3 bond is 
cleaved and the methyl group can be deposited on the O atom of the oxide.  Therefore, 
a reducible oxide like TiO2 whose exposed cations can also exhibit significant acidity 
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even though it is expected to be less acidic than alumina should exhibit a similar 
interaction with anisole. 
Furthermore, since enhancements in guaiacol conversion rates were observed 
for Ru supported on TiO2 compared with C, SiO2 or Al2O3, it was important to 
investigate the occurrence of this same trend for anisole conversion considering that the 
same catalysts and reaction conditions were employed for both guaiacol and anisole 
HDO reactions. To make this determination, Ru/TiO2 was compared with Ru supported 
on an inert carbon support and pure TiO2. It can be observed from Table 4.2, that about 
3 times more catalyst amount for Ru/C has to be used to achieve similar conversion with 
Ru/TiO2.  
Table 4.2. Detailed product selectivities for anisole conversion over Ru  
catalysts and pure TiO2. T= 400 °C, P= 1atm, TOS = 50mins 
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This is initial evidence that Ru/TiO2 is more active than Ru on the inert C despite the 
higher dispersion on the Ru/C catalyst. Also, significant enhancement in activity can be 
achieved when Ru is introduced to the TiO2 support as seen from the higher W/F                          
(0.53 h) for pure TiO2 needed to achieve similar conversion compared to Ru/TiO2                    
(0.02 h). To understand this better, the data in Table 4.3 compares anisole reaction rates 
normalized on a Ru surface area basis for Ru supported on C and TiO2 and also rates 
per TiO2 surface area for the TiO2 catalysts. The rate per Ru surface area over Ru/TiO2 
is more than 4 times higher than Ru/C despite the more exposed Ru atoms on Ru/C due 
to the smaller particle size (1.7 nm) showing that sites other than the Ru metal are active 
for this reaction. Also, the rate per TiO2 surface area over the pure TiO2 support (with 
no Ru metal) is an order of magnitude lower than Ru/TiO2. These results are in 
agreement with the previous study on guaiacol hydrodeoxygenation demonstrating that 
defect sites created due to the interaction between the Ru metal and TiO2 support are the 
important active sites for this deoxygenation activity.[46, 100] However, the results 
obtained in this study are not sufficient to discriminate between the different active sites 
such as Ru/TiO2 interfacial sites or oxygen vacancies on the TiO2 support.  
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Table 4.3. Rate per Ru surface area and TiO2 surface area for Ru/TiO2,  
Ru/C and pure TiO2, T= 400 °C, P= 1atm 
 
To further prove the dominance of a sequential mechanism, pulse reactions were 
carried out in a vapor phase reactor system. As explained previously, if the mechanism 
is sequential, methyl groups will be deposited on the catalyst surface from the 
decomposition of the aliphatic O-CH3 bond of anisole and these methyl groups can serve 
as alkylating agents for other phenolic species in the product stream. Therefore if a 
suitable acceptor molecule that can pick up the methyl groups on the catalyst surface is 
introduced after an anisole pulse, methylated species of this molecule should be 
observed as products from the pulse reaction. Tetralin is a good candidate because it 
contains an activated aromatic ring hence it was selected as an acceptor molecule to test 
this hypothesis. Prasomsri et al. used a similar set-up to demonstrate that a sequential 
pathway existed for anisole conversion over HY and HZSM-5 catalysts.[109] After an 
initial anisole pulse, tetralin was pulsed in to the catalyst surface after a 5 s interval. 
Interestingly, methyltetralin and methylnaphthalene were formed after these sequential 
pulses of anisole and tetralin. Tetralin and methyltetralin can be dehydrogenated in an 
equilibrium reaction over the Ru surface to form naphthalene and methylnapththalene 
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respectively and the scheme is presented in Figure 4.6. This is why methylnapththalene 
is observed. The total methylated products therefore will be the sum of moles of 
methyltetralin and methylnaphthalene in the product. Figure 4.7 presents the ratio of 
this sum of methylated products to tetralin for a pure tetralin pulse and also the 
sequential anisole-tetralin pulse. It is important to note from Figure 4.7 that neither 
methyltetralin nor methylnaphthalene were observed when a pulse of tetralin alone was 
introduced to the catalyst surface without a prior pulse of anisole.  
 
 
 
 
 
 
 
 
 
Figure 4.6. Scheme for tetralin alkylation and dehydrogenation reactions 
 [Ref. 109] 
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Figure 4.7. Moles of Methyltetralin/Methylnaphthalene to tetralin for pulses  
involving pure tetralin only and sequential anisole-tetralin pulses on Ru/TiO2  
T= 400 °C, P=1atm 
 
For the sequential pulse experiments,   after the initial pulse of anisole, it can be 
envisioned that methyl groups are deposited on the catalyst surface and this has been 
shown in literature.[109] These methyl groups on the TiO2 sites can act as alkylating 
agents for the activated tetralin molecule to form methyltetralin which can subsequently 
be dehydrogenated to methylnaphthalene. If the methyl group ends up on the Ru metal, 
methane will be formed. This finding, in combination with the emergence of phenol as 
a primary product, is evidence for the dominance of a sequential pathway for anisole 
conversion on Ru/TiO2 in which methyl groups are deposited on the catalyst surface as 
a first step to form phenol and then various species such as phenol and anisole can be 
alkylated with these methyl groups to form cresols, methylanisole, xylenols and other 
alkylated species. 
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4.5 Conclusion 
The hydrodeoxygenation of anisole, a simple bio-oil compound, has been 
studied over Ru/TiO2 and a variety of monooxygenated products such as phenols, 
cresols and deoxygenated hydrocarbons (benzene, toluene and xylenes) were observed 
as products for this reaction. Furthermore, a sequential mechanism for the conversion 
of this molecule over the catalyst has been proposed. This was demonstrated using 
tetralin, a highly activated acceptor molecule, to react with methyl groups on the catalyst 
surface after the decomposition of an initial pulse of anisole. Also, the higher activity 
observed for the Ru/TiO2 catalyst compared to Ru/C and pure TiO2 has been attributed 
to the synergy between Ru and TiO2 to produce highly active reduced sites which could 
play an important role in this reaction as has been previously demonstrated for the 
reaction of guaiacol over the Ru/TiO2 catalytic system.  
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5 Understanding the active sites involved for conversion of catechol 
over Ru/TiO2 
5.1 Introduction 
Reducible oxides such as TiO2 have been studied both as catalysts and support 
materials for the conversion of oxygenates and oxygen vacancies (defects) created on 
these reducible oxides have been shown to play important roles in the reductive coupling 
of benzaldehyde [110] and acrolein [111]. Also, the conversion of guaiacol, a prominent 
member of the oxygenated phenolics present in bio-oil and which contains two oxygen 
atoms, has been investigated over various supported Ru catalysts.[46] Higher reaction 
rates were obtained for Ru supported on the reducible oxide TiO2 when compared with 
C, SiO2 and Al2O3 and this was attributed to the synergism between Ru and TiO2 leading 
to the creation of  highly active sites on the catalyst.[46]  
Interestingly also, even at low conversions, dioxygenated species such as 
catechol or methylcatechols were not observed as intermediates for the conversion of 
guaiacol over Ru/TiO2 even though these products were observed for Ru on the other 
non-reducible supports SiO2, C and Al2O3.[46] It is important therefore to investigate 
this finding. These dioxygenated species such as catechol likely reacts very fast over 
the Ru/TiO2 catalyst but it is not clear on which sites this reaction occurs. This chapter 
will address these questions by studying the conversion of catechol over Ru/TiO2 and 
will seek to understand the role of TiO2 support sites (defects) during this reaction. The 
role of defects was studied by varying the catalyst reduction temperature to take 
advantage of the strong metal support interactions (SMSI) which are known to occur 
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over reducible oxides at high reduction temperatures thereby encapsulating the metal 
and decreasing its ability to spill over hydrogen to the TiO2 support and create oxygen 
vacancies.  
5.2 Catalyst synthesis 
A 0.6 wt% Ru/TiO2 catalyst was prepared using the strong electrostatic 
adsorption (SEA) method. The pH of a 200 ppm Hexaamineruthenium (III) chloride 
(98% Sigma Aldrich) aqueous solution was increased steadily to a final value of 11.7 
by the addition of sodium hydroxide. After subsequent aging for 1h, 12.5g TiO2 
(Aeroxide P25) was added to the metal amine aqueous solution. Then the mixture was 
stirred vigorously by shaking for 1 h, after which the solid was filtered, washed and then 
dried overnight in flowing air. A mild reduction was then carried out at 100 °C. 0.1 wt% 
Ru/TiO2 and 1% Ru/SiO2 catalysts were prepared by incipient wetness impregnation of 
TiO2 (Aeroxide P25) and Silica (Hisil-210) with an aqueous solution of 
Hexaamineruthenium (III) chloride (98% Sigma Aldrich). The powders were dried 
overnight in flowing air at room temperature and then reduced in hydrogen at 400 °C 
for 2 h. Also, a 3.5 wt% Ru/TiO2 was prepared by incipient wetness impregnation of 
TiO2 (Aeroxide P25) with an aqueous solution of ruthenium (III) chloride hydrate 
precursor (Aldrich, 99.98% trace metals basis). The powder was then dried for 12 h in 
an oven at 120 °C and oxidized in flowing air at 500 °C for 4 h. All the catalysts were 
pelletized and sieved to get particle sizes in the range of 250-420 μm (Mesh no. 40-60). 
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5.3 Catalyst characterization 
5.3.1 Ru metal content 
Ruthenium content was determined by Inductively Coupled Plasma (ICP) 
Analysis from Galbraith Laboratories.  
5.3.2 BET surface area 
A Micromeritics ASAP 2010 instrument was used to measure the BET surface 
area by nitrogen adsorption. The samples were degassed at 300 °C for 3 h prior to the 
analysis. 
5.3.3 X-ray powder diffraction  
X-ray diffraction (XRD) determinations were obtained with a Rigaku Automatic 
diffractometer (Model D-MAX A) instrument with a curved crystal monochromator and 
Cu Kα source at 40 kV and 35 mA. The samples were placed on a plastic slide and then 
ground carefully to obtain a clear, smooth surface for measurement. 
5.3.4 Transmission electron microscopy (TEM) 
Ru particle size distributions were obtained by Transmission Electron 
Microscopy (TEM, JEOL JEM-2100 model). The samples were pre-reduced at the 
appropriate temperature ( 250, 500 or 600 °C) for 1 h, dispersed in isopropanol and then 
sonicated to form a suspension from which few drops were placed on carbon-coated 
copper TEM grids. Over a hundred particles were counted to obtain the particle size 
distribution. 
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5.4 Catalytic activity measurements 
5.4.1 Flow reactor studies 
Catalytic activity was evaluated in a ¼ in OD quartz packed bed flow reactor 
operating at atmospheric pressure and in vapor phase. Catalyst samples were loaded in 
between two layers of quartz wool inside the reactor and the 10 mol% catechol in m-
cresol feed was vaporized at the heated inlet zone of the reactor before contacting the 
catalyst bed. The top part of the reactor was filled with 1 mm diameter glass beads to 
obtain a uniform vaporization zone. An outlet line from the reactor to the six port valve 
was heated to 300 °C to prevent condensation in the lines. An online HP 5890 gas 
chromatograph with a HP-5 column (60 m, 0.25 μm) and flame ionization detector (FID) 
was used for product analysis. Samples were pre-reduced in hydrogen in situ at different 
temperatures 250, 500 and 600 °C as appropriate prior to feeding. Reactions were 
carried out at 250 °C and atmospheric pressure. 
5.4.2. Ethylene hydrogenation  
Ethylene hydrogenation reactions were measured in the same flow reactor 
system described above at 40 °C and atmospheric pressure. Catalyst samples were pre-
reduced in hydrogen at 250, 500 and 600 °C as appropriate and cooled down to 40 °C 
before introduction of the ethylene and hydrogen feed gases at a molar ratio of 1:50. 
The same online gas chromatograph system as above equipped with a Varian CP-Al2O3 
PLOT column (50 m, 0.32 μm) was used for product analysis. 
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5.5 Characterization results  
The measured ruthenium content of the Ru/TiO2 catalyst by ICP analysis was 
0.6 wt%.  BET surface area for the 0.6% Ru/TiO2 catalyst prepared by the SEA method 
was 55 m2/g.  
5.6 Effect of varying reduction temperature 
Table 5.1 shows the rate of catechol conversion over 0.6% Ru/TiO2 at the 
different reduction temperatures 250, 500 and 600 °C. Two observations can be made 
from this data. The first, which is surprising, is that upon increasing reduction 
temperature from 250 °C to 500 °C, the rate of catechol conversion does not decrease 
significantly. Several studies have demonstrated that after high temperature reduction 
(~500 °C), strong metal support interactions (SMSI) occur when metal particles are 
dispersed over reducible oxides such as TiO2.[65, 66, 112-118]  Hydrogen spillover 
from the metal to the TiO2 support can occur after which the support can be reduced to 
form TiOx species which can migrate over the metal particles and decorate them either 
partially or completely thereby reducing the chemisorption properties of these metals. 
This is what has been termed SMSI. Even though studies have shown that most of the 
noble metals such as Rh, Pt and even Ru enter into the SMSI state at 500 °C,[98, 112, 
113] other studies have highlighted the difficulty of achieving SMSI for some ruthenium 
catalysts.  
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Table 5.1. Rates of catechol conversion over 0.6% Ru/TiO2 and average  
particle sizes for varying reduction temperatures; Feed: 10 mol% catechol  
in m-cresol, TOS = 50mins, T = 250 °C, P = 1atm, Conversion ~10% 
 
 
 
 
 
 
 
For instance, Bond et al.[119] demonstrated that SMSI was difficult to achieve 
for the 0.5% Ru/TiO2 catalyst employed. Severe reduction at 600 °C was carried out 
before the effect of SMSI was seen as measured by alkane hydrogenolysis activity. 
Similarly, Li et al. reduced their 0.5% Ru/TiO2 catalyst at about 550 °C to induce the 
SMSI state.[89] Also Stoop et. al. did not observe the effects of SMSI for Ru/TiO2 
catalysts after reduction at ~400 °C. The catalyst had similar behavior with those 
reduced at much lower temperatures and those supported on Al2O3 which should not 
exhibit SMSI.[120] Therefore the results presented in Table 5.1 are consistent with 
findings in literature which we do not observe the full effects of SMSI even after 
reduction at 500 °C. It is likely that there isn’t significant decoration of the Ru metal 
particles by reduced TiOx species at this temperature. Therefore, there will be exposed 
Ru metal sites to spillover hydrogen and create TiO2 defect sites which could play a role 
in catechol conversion, hence the similar rates after reduction at 250 °C and 500 °C. 
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The second observation is the significant drop in rate after reduction at 600 °C. 
In line with the literature cited above, we expect full decoration of the Ru particles and 
decreased hydrogen spillover after reduction at this temperature. This leads to lower 
amounts of active TiO2 defect sites that could be responsible for catechol conversion. 
However, it is reasonable to expect that this high reduction temperature leads to 
sintering of Ru particles which can in turn be responsible for the decrease in rate. 
Combined techniques of XRD and TEM have been utilized to investigate this 
possibility. Figure 5.1 shows XRD profiles for pure TiO2 P25 and the 0.6% Ru/TiO2 
catalyst prepared by the Strong Electrostatic Adsorption (SEA) method for reduction 
temperatures of 250, 500 and 600 °C. There is no signal where the Ru metal peak should 
appear (2θ = 44 °) for all the reduction temperatures. This suggests that the Ru particles 
are very small (below 2 nm) but not enough evidence to show that the particle size does 
not change with reduction temperature since there are no values to compare as reduction 
temperature changes. Ru particle sizes estimated from TEM as a function of reduction 
temperature can be useful to make this comparison. As presented in Table 5.1, particle 
size does not change with increase in reduction temperature. Sample TEM images are 
shown in Figures 5.2, 5.3 and 5.4.  Based on combined evidence from XRD and TEM, 
artifacts due to changes in Ru particle size during pre-reduction can be ruled out as an 
explanation for the differences in rates that are observed when reduction temperature is 
increased. 
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Figure 5.1. X-ray diffraction patterns for a) TiO2 P25 and  
0.6 % Ru/TiO2 reduced at b) 250 °C, c) 500 °C, d) 600 °C 
 
 
Figure 5.2. TEM image for 0.6 % Ru/TiO2 reduced at 250 °C 
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Figure 5.3. TEM image for 0.6 % Ru/TiO2 reduced at 500 °C 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4. TEM image for 0.6 % Ru/TiO2 reduced at 600 °C 
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It is also important to probe the exposed Ru surface during changes in reduction 
temperature to show that the Ru particles are encapsulated at higher reduction 
temperatures. A structure insensitive reaction, ethylene hydrogenation, was used to 
make this determination. The hydrogenation reaction was carried out at a low 
temperature (40 °C) to preclude the hydrogenolysis of the product ethane which can 
occur over Ru catalysts. The data is presented in Table 5.2. It can be seen that after 
reduction at 250 °C and 500 °C, the rates are similar and decreased by about a factor of 
2 after reduction at 600 °C. This shows that significant encapsulation does not occur 
after reduction at 500 °C which is in agreement with the results discussed earlier for 
catechol conversion over this catalyst. It is clear from the ethylene hydrogenation results 
that exposed Ru is present to spill over hydrogen atoms to the TiO2 after reduction at 
250 °C thereby creating catalytically active reduced TiO2 sites that could likely be 
important for catechol conversion. However after reduction at 600 °C, significant 
encapsulation occurs over the Ru metal as seen by the drop in ethylene hydrogenation 
rate thereby reducing the rate of hydrogen spillover to the TiO2 support and decreasing 
the number of TiO2 defect sites. Based on the above results, it can be proposed that 
defect sites created on the TiO2 support play an important role for the conversion of 
catechol. These defect sites have been shown to be important for conversion of guaiacol, 
a model bio-oil compound over Ru/TiO2 catalysts.[46, 100] 
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Table 5.2. Rates of ethylene hydrogenation as a function of reduction temperature, 
 T= 40 oC, P =1 atm, Feed ratio: C2H4/H2 =1:50; Same catalyst amount for  
all runs; TOS = 230mins, Conversion ~ 35% for 250 °C and 500 °C reduction 
 and ~20% for 600 °C reduction 
 
 
 
5.7 Role of titania support sites for catechol conversion 
To show the role of the TiO2 support sites further, rates of catechol conversion 
normalized on a metal surface area basis over the 0.6 % Ru/TiO2 and a pure Ru catalyst,                    
1% Ru/SiO2 were compared. Dispersion and exposed metal surface areas were 
estimated by assuming hemispherical Ru particles as seen in literature.[93, 121] It is 
expected that if catechol conversion occurs over the Ru metal only, both catalysts should 
have comparable rates. However if conversion does not occur only over the Ru metal, 
then the Ru/TiO2 catalyst should have a higher rate due to conversion occurring over 
sites created as a result of the introduction of the TiO2 support. Table 5.3 shows that the 
latter is the case with Ru/TiO2 exhibiting rates per Ru surface area almost 2 times higher 
than Ru/SiO2 with similar particle sizes. Table 5.3 also shows that Ru/TiO2 has about 
two orders of magnitude higher rates per gram of catalyst than pure TiO2 which makes 
it clear that some conversion of catechol must be occurring over an increased number 
of defect sites created from synergistic interaction between Ru and TiO2. It should be 
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noted that the Ru metal alone also has some activity for catechol conversion from               
Table 5.3. 
 
Table 5.3. Rates of catechol conversion per metal and TiO2 surface areas  
for 0.6% Ru/TiO2, 1% Ru/SiO2 and TiO2. TOS = 50mins,  
Reaction and Reduction T = 250 °C, P = 1atm, Conversion ~10%  
and 2% for TiO2 
 
 
 
 
 
 
 
More evidence is needed to confirm the results above on the role of TiO2 support 
sites for catechol conversion over Ru/TiO2. Since reduction in hydrogen can produce 
oxygen vacancies on the TiO2 support, an experiment in which these defects are titrated 
by catechol after a pre-reduction step can be designed. This experiment was carried out 
by reducing the catalyst in hydrogen flow at 250°C and then switching to an inert gas 
(nitrogen). While in this inert gas environment, 3 mol% catechol in m-cresol solution 
was introduced to the catalyst surface. Results presented in Figure 5.5 shows that the 
conversion of catechol decreases steadily as the defects are titrated. After feeding was 
stopped and a re-reduction in hydrogen was carried out followed by switching to inert 
nitrogen gas as previously, the defects can be regenerated and then the titration 
continues as seen from the recovery of catechol conversion to close to its initial value. 
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After calculating the moles of catechol for each point and integration of the area under 
the moles of catechol converted using the trapezoidal rule, the moles of catechol 
converted per exposed Ru surface atom was calculated to be 2.8. From literature, it is 
expected that at this high temperature, the H/Ru ratio is lower than unity and at most 
unity at lower temperatures such as room temperature.[122-125]  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5. Titration of defect sites on 0.6% Ru/TiO2 by catechol in inert gas  
Feed: 3 mol% catechol in m-cresol, T = 250 °C, P = 1atm 
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This points to more catechol being converted even in the absence of hydrogen 
than expected on the Ru metal only which is further proof that some conversion occurs 
over the TiO2 support sites created on Ru/TiO2. It should be noted that phenol is the 
only product observed under these conditions and the yield of this product is very similar 
to the initial moles of catechol fed to the catalyst. Thus, it can be envisioned that the 
oxygen vacancies on TiO2 are healed by the oxygen from catechol thus forming phenol. 
As these vacancies are filled, catechol conversion drops due to consumption of the 
active sites for the reaction. To confirm that the sites on TiO2 are the active sites for this 
reaction, this same experiment was carried out on pure TiO2 (with no metal) reduced at 
550 °C for 4 h. Results in Figure 5.6 show a decrease in catechol conversion as the 
oxygen vacancies are titrated by catechol. This is similar behavior with Ru/TiO2 proving 
that the TiO2 sites play an important role for this reaction. When the experiment was 
carried out on Ru/SiO2 however as seen in Figure 5.7, conversion drops sharply to zero 
after the first titration point. This shows the absence of active sites on this catalyst to 
sustain catechol conversion in the absence of hydrogen. Catechol can be converted at 
the initial time on stream utilizing the dissociated hydrogen atoms still present on the 
Ru catalyst. This is further evidence that even though the Ru metal has some activity 
for this reaction, sites on TiO2 also play an important role for catechol conversion over 
Ru/TiO2. It is conceivable that these dioxygenated species such as catechol reacts very 
fast on these sites to form monooxygenates which could be a reason why they are not 
observed during guaiacol conversion over Ru/TiO2.  
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Figure 5.6. Titration of defect sites on pure TiO2 by catechol in inert gas 
Feed: 3mol% catechol in m-cresol, T = 250 °C, P = 1atm,  
Reduction T = 550 °C (4 h) 
 
 
 
 
 
 
 
 
 
Figure 5.7. Titration of sites on 1% Ru/SiO2 by catechol in inert gas  
Feed: 3 mol% catechol in m-cresol, T = 250 °C, P = 1atm 
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5.8 Conclusion 
Conversion catechol over Ru/TiO2 has been studied and it has been shown that 
TiO2 defect sites created by hydrogen spillover from Ru to TiO2 are important for this 
reaction. Artifacts due to sintering of the metal were carefully eliminated to show that 
partial decoration of Ru by reduced TiO2 at high reduction temperatures led to decreased 
catechol conversion rates. It was proposed that the reduction in the number of oxygen 
vacancies due to decreased hydrogen spillover was the reason for this finding. These 
results are important because it gives some understanding as to the possible reason why 
catechol is not observed when guaiacol, a model bio-oil compound, reacts over Ru/TiO2. 
Catechol is a highly reactive intermediate which can be converted to phenol over these 
TiO2 support sites present as a result of the synergy between Ru and TiO2. 
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6 Effect of TiO2 Polymorphs on RuO2 stabilization under high 
temperature oxidizing conditions 
6.1 Introduction 
Ruthenium-based catalysts have been demonstrated to be active for a wide 
variety of reactions carried out in industrial processes. For example, ruthenium has been 
utilized as a catalyst for various organic reactions [126, 127] and is also an excellent 
catalyst for typical hydrogenation reactions such as Fischer-Tropsch and Ammonia 
synthesis. [128, 129] As a result of its wide range of oxidation states, which varies from 
-2 to +8, ruthenium is able to participate in extensive chemical bonding to form several 
compounds.[130] One of such compounds is the oxide RuO2. 
RuO2 is the only known stable solid oxide of ruthenium and is a suitable 
candidate for electrocatalytic applications[131] and as a heterogeneous catalyst for 
oxidation reactions.[132] Also, characteristics of RuO2 such as its good magnetic and 
electrical properties in addition to its excellent corrosion resistance has made this 
transition metal oxide useful as an electrode for chlorine and oxygen evolution[133-
136] Furthermore, it has been shown that the addition of RuO2 to TiO2 electrodes led to 
an improvement in the photocatalytic decomposition of water to hydrogen and 
oxygen.[137] This serves as a source for the production of hydrogen, which can be a 
valuable form of energy. RuO2 has a high electrical conductivity with an electrical 
resistivity only about two times greater than that of metallic ruthenium.[130, 138] This 
important property makes this oxide useful as electrical contact materials in systems 
such as microelectronic devices.[130, 139] Furthermore, Ru supported on TiO2 is a 
catalyst with great promise for the upgrading of phenolics obtained from the lignin 
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fraction of biomass pyrolysis. Higher catalytic activity and also selectivity for 
completely deoxygenated aromatic hydrocarbons was obtained when compared with 
other supports such as C, SiO2 and Al2O3.[46] However, in spite of these characteristics 
it is known that ruthenium based catalysts are very mobile under high temperature, 
oxidation conditions. This high mobility leads to sintering of these catalysts which 
precludes its use in important industrial applications operating under these conditions. 
Sintering has a negative impact on the activity and lifetime of the catalyst. 
On another hand, TiO2 is perhaps the most studied oxide based on numerous 
single crystal and powder experiments that have been carried out to understand the 
system and a comprehensive review of these studies was made by Diebold.[77] The two 
most common polymorphs of TiO2, anatase and rutile have been studied quite 
extensively and it is known that these poylmorphs have different crystal structures and 
properties.[77, 80, 91, 96, 140] It has been demonstrated that the different crystal 
structures of TiO2 could play varying roles in the stabilization of metal particles for 
reactions involving supported metal systems.[94, 100] Also, Barteau et al. have shown 
that the anatase and rutile phases of TiO2 have different surface densities of defects with 
the rutile phase having a higher density of surface defects than anatase.[80]. Based on 
these interesting findings, it will be important to investigate the mechanism by which 
ruthenium species can be stabilized on oxide supports, using TiO2 as a model oxide 
system, and also to determine the role played by the different polymorphs of TiO2 during 
this process. This can be useful in developing stable ruthenium catalysts that are 
resistant to sintering on oxide supports under high temperature, oxidation conditions. 
Experiments aimed at understanding this process have been carried out and in this 
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chapter, the ability of the two TiO2 polymorphs to stabilize RuO2 species under high 
temperature oxidation conditions was investigated and the results presented.  
6.2 Catalyst synthesis 
Incipient wetness impregnation was used to synthesize the RuO2/SiO2 catalysts. 
An aqueous solution of ruthenium (III) chloride hydrate precursor (Aldrich, 99.98% 
trace metals basis) was prepared with the desired amount of precursor required to obtain 
the appropriate metal loadings. The silica support utilized was HiSil-210 with a pore 
volume of 0.96 ml/g. Immediately following impregnation, the catalysts were dried in 
an oven at 120 °C overnight (12 h), calcined in flowing air at 500 °C for 4 h and sieved 
to obtain particles in the range 90-250 µm. A 1% Ru/SiO2 catalyst, used for the ethylene 
hydrogenation reaction runs was prepared by incipient wetness impregnation of silica 
(Hisil-210) with an aqueous solution of Hexaamineruthenium (III) chloride                          
(98% Sigma Aldrich). After the impregnation procedure, the catalyst was dried over 
night at room temperature in flowing air and reduced at 400 °C for 2 h in hydrogen. 
Titanium IV oxide (Alfa Aesar, Catalyst support, Anatase 1/8’’ pellets; Aeroxide P25; 
Aldrich, Rutile nanoparticles) were utilized for these experiments. The anatase pellets 
were crushed prior to use while the P25 was in powder form. These TiO2 catalysts were 
pelletized, crushed and then sieved to obtain particle sizes with a range of 420-850 µm. 
A batch of TiO2 Anatase was calcined at 500 °C prior to use in these measurements. 
Pure silica HiSil 210 was also pelletized, crushed and sieved to obtain particle sizes with 
a range of 420-850 µm.  
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6.3 Catalyst characterization 
6.3.1 BET surface area 
A Micromeritics ASAP 2010 instrument was used to determine the BET surface 
area of the pure TiO2 catalysts by adsorption of nitrogen. The samples were degassed at 
300 °C for 3 h before each measurement.  
6.3.2 X-ray powder diffraction  
X-ray diffraction (XRD) measurements were carried out on a Rigaku Automatic 
diffractometer (Model D-MAX A) with a curved crystal monochromator. The catalyst 
samples were ground evenly and spread out on a plastic slide to obtain a uniform 
surface. Cu Kα radiation source was utilized and the scan parameters were an angle 
range of 10-75°, step size of 15 and count time of 1.0 s. The instrument was operated at 
40 kV and 35 mA. 
6.3.3 Temperature programmed reduction  
Temperature-programmed reduction experiments were carried out by passing a                
5 % H2 in Ar mixture at 30 ml/min over 30 mg catalyst samples. The temperature was 
increased from room temperature up to 800 °C at 5 °C/min. The effluent gas was 
analyzed using an SRI 110 thermal conductivity detector (TCD) after drying by passing 
through a drierite bed. The effluent was compared to pure argon gas passing through the 
detector at the same flow rate for this analysis. 
6.3.4 Ethylene hydrogenation  
Ethylene hydrogenation runs were conducted in a ¼ in OD quartz reactor system 
at 40 °C and atmospheric pressure. Catalyst samples were placed in between two layers 
of quartz wool inside the reactor, reduced in hydrogen at 250 °C for 1 h and then cooled 
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down to 40 °C prior to introducing the ethylene and hydrogen feed gases at a molar ratio 
of 1:50. Product analysis was conducted using an online HP 5890 gas chromatograph 
with a Poraplot U column (27.5 m, 250 μm) and flame ionization detector (FID). 
6.4 Oxidation experiments 
A horizontal tube furnace equipped with an external thermocouple was utilized 
for this study. In a typical experiment, 100 mg of RuO2/SiO2 catalyst was well mixed 
physically with 200 mg of TiO2 (pure anatase, P25 or pure rutile) then poured into a 
ceramic boat. The boat was then carefully inserted in between two layers of glass wool 
in the middle of a 1 inch OD quartz reactor tube. The quartz tube was then inserted in 
the tube furnace and the thermocouple placed in the region where the boat lay for all the 
experiments to ensure a uniform temperature profile. An air flow (Air Zero, Airgas) of                          
100 ml/min was used with a temperature ramp of 10 °C/min from room temperature up 
to 500 °C and then held for a range of 4-16 h as appropriate. After the oxidation 
experiment, the physical mixture was separated using sieves taking advantage of the 
different particle sizes thus yielding the individual components of the mixture. 
Ruthenium metal content on the post-oxidation catalysts was determined by Inductively 
Coupled Plasma - Atomic Emission Spectroscopy (ICP-AES) measurements (Galbraith 
Laboratories). 
6.5 Characterization results 
Figure 6.1 shows the XRD profiles for pure TiO2 Anatase (BET Surface Area = 
165 m2/g) and TiO2 P25 (BET Surface Area = 60 m2/g) samples. It can be seen that the 
pure anatase sample contains only diffraction peaks related to the anatase phase while 
the P25 sample contains both anatase and rutile peaks. This is consistent with literature 
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and these TiO2 samples were used for the oxidation experiments in this study. The 
amount of ruthenium species deposited on both pure TiO2 anatase and P25 samples after 
oxidation of the physical mixture with RuO2/SiO2 in a 1:2 RuO2/SiO2 to TiO2 ratio at 
500 °C for 12 h and separation of the particles is presented in Table 6.1. The amount of 
Ru species deposited on the P25 sample is about twice that on the pure anatase sample. 
As will be seen later in the discussion, this trend is also observed for different oxidation 
times. The data suggests that the rutile phase of TiO2 P25 plays an important role during 
this oxidation process. In accordance with the trend of Ru amounts on the TiO2 samples, 
Table 6.1 also shows that a higher amount of Ru is found on the RuO2/SiO2 catalyst 
separated from the pure anatase sample when compared to that separated from the P25 
sample.  
 
 
Figure 6.1. XRD profiles for pure TiO2 samples, a) TiO2 Anatase  
b) TiO2 P25 
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Table 6.1. Ruthenium content on various separated components of TiO2  
Anatase and P25 samples after oxidation at 500 °C for 12 h. Ru wt% was  
determined by ICP. RuO2/SiO2:TiO2 ratio = 1:2. Average particle sizes  
were obtained from TEM 
 
 
 
 
 
 
 
 
This is further evidence that a lower amount of ruthenium oxide species is transferred 
to the TiO2 anatase sample during the oxidation process. The mass balance of the 
amount of Ru on the separated RuO2/SiO2 and TiO2 is consistent with the initial amount 
of Ru on the fresh RuO2/SiO2 catalyst. 
Even though conclusive reasons for the trend observed in Table 6.1 are not 
known at this point, possible explanations can be proposed. Carballo et al. had shown 
in a previous study on ruthenium catalysts supported on pure anatase and P25 TiO2 that 
the latter had a greater effect in stabilizing ruthenium species thereby preventing 
agglomeration of Ru metal particles during calcination.[94] This conclusion was 
*Ru content determined by ICP Analysis ** Estimated from Ethylene hydrogenation 
over the Ru/TiO2 catalysts using a 1% Ru/SiO2 as standard Reaction T = 40°C, 
C2H4:H2 = 1:50, P=1atm; Conversion <10%, 
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supported by images obtained from Transmission Electron Microscopy (TEM) studies 
and analysis of the electron diffraction patterns of the particle images. They claimed 
that this was due to the similarity in crystal structures of rutile TiO2 and RuO2.[94] 
Several studies on the dielectric properties of RuO2 have shown that rutile TiO2 can be 
stabilized on a RuO2 support.[141-144]. The authors also concluded that this 
stabilization ability was due to the similarity in crystal structures between rutile TiO2 
and RuO2.[141, 142, 145] In fact, it was found that RuO2 acted as a better seed layer 
when compared with a pure silicon wafer for the deposition of rutile TiO2 based on 
evidence from X-ray diffraction (XRD) experiments. These experiments showed that a 
higher phase composition of rutile TiO2 was found on the RuO2 seed layer than the 
silicon seed layer. Higher deposition temperatures were required to obtain rutile TiO2 
phase growth on silicon wafers when compared with RuO2 seed layers.[145] 
Furthermore, TEM images showed that the rutile TiO2 and RuO2 grains had similar 
crystallographic orientations hence the favorable growth of the rutile TiO2 on RuO2 seed 
layers. This finding combined with the XRD results serve as further evidence for this 
stabilization effect.[145] Also, it has been shown recently that while the particle size of 
Ru supported on TiO2 P25 did not change with an increase in calcination temperature 
from 400 to 500 °C, particle sizes for Ru supported on anatase TiO2 increased 
significantly. This was attributed to the stabilization of Ru particles by the rutile phase 
of TiO2.[100]  
To investigate the role of the TiO2 support in this oxidation process further, Ru 
particle sizes on the anatase and P25 TiO2 supports were obtained by measuring the 
exposed Ru metal surface area using low temperature ethylene hydrogenation, a 
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structure insensitive reaction. The metal surface areas were normalized using a 1% 
Ru/SiO2 catalyst for which particle size and exposed metal area was obtained from TEM 
and then compared with ethylene hydrogenation rates assuming all the metal surface 
area was fully exposed and participated in the hydrogenation reaction. Table 6.1 shows 
that the Ru particles are about two times larger on the anatase support (0.9 nm) when 
compared to the P25 support (0.4 nm). Even though the particles are small and well 
dispersed in both cases, which made them difficult to detect by TEM, there is a clear 
difference in sizes between the two supports. This is evidence that the rutile phase of 
TiO2 P25 could serve as an anchor for the Ru species which leads to the stabilization of 
smaller particles while agglomeration occurs on the anatase support and is in agreement 
with the findings above in literature.[94, 100] The presence of RuO2 on the TiO2 
samples after the oxidation treatment and separation from the RuO2/SiO2 catalyst has 
been investigated by Temperature Programmed Reduction (TPR). The reduction 
profiles for the fresh RuO2/SiO2, TiO2 Anatase and P25 samples (after oxidation at 500 
°C for 12 h) are presented in Figure 6.2. The reduction of RuO2 to Ru metal occurs for 
all the catalyst samples below 200 °C. These peaks are evidence of the presence of RuO2 
species on the TiO2 samples.  
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Figure 6.2. Temperature Programmed Reduction profiles of a) RuO2/SiO2 b) 
RuO2/TiO2 Anatase c) RuO2/TiO2 P25 
 
In support of results that have been presented earlier in this discussion, it can be 
seen that the RuO2 peak from the P25 sample is much larger than the pure anatase 
sample and this shows the presence of a higher amount of ruthenium on the P25 sample. 
Drawing from the results above and from previous studies in literature, it can be 
proposed therefore that the stabilization of RuO2 species on rutile TiO2 due to the 
similarity in structure of these oxides is one explanation for the higher amount of 
ruthenium species deposited on the P25 sample. They both have rutile-type structures 
with space group P42/mnm. This is well known and documented in literature.[146-153] 
Due on this similarity, it is plausible that the rutile phase of TiO2 P25 serves as an anchor 
for the RuO2 species thus leading to a greater stabilization of these species on TiO2 P25 
when compared to pure anatase. The preference of noble metals for rutile TiO2 was also 
demonstrated for Pt[154] which shows that the similarity in structure between RuO2 and 
Rutile TiO2 might not be the only explanation. It is known that the rutile phase has a 
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higher amount of surface defects than anatase.[77] These surface defects could act as 
nucleation sites for the deposition of RuO2 species during oxidation. Carballo et al. also 
discussed the possibility of Ru interacting with the oxygen vacancies on TiO2 which can 
lead to stabilization of these Ru particles on the rutile phase of TiO2.[94] This presents 
another explanation for the higher amount of ruthenium species deposited on the P25 
sample, which contains the rutile phase, when compared with pure anatase TiO2.  
6.6 Mechanism of ruthenium oxide transport 
The mechanism for the transport of RuO2 from RuO2/SiO2 to the TiO2 samples 
can be discussed further. Two possible mechanisms can be put forward. In the first 
scenario, RuO2 on the RuO2/SiO2 catalyst in an air environment can be oxidized to a 
gas phase higher oxide which could either be RuO3 or RuO4.[155, 156] There are still 
arguments in literature as to which of these higher oxides is prominent or even correct 
[130, 157, 158], but it is strongly believed that RuO4 is the dominant vapor form because 
it has been characterized as a stoichiometric oxide.[130] To the knowledge of this 
author, this has not been done for RuO3. Thus RuO4 from the gas phase could get re-
deposited as RuO2, the only known stable solid ruthenium oxide [77, 80, 130], on TiO2. 
It is proposed that a very short diffusion path exists between the RuO2/SiO2 and TiO2 
particles mixed intimately inside the boat. A schematic of this process is shown in 
Figure 6.3. Gas phase RuO4 formed could get deposited as the solid oxide RuO2 on a 
nearby particle irrespective of whether it is RuO2/SiO2 and TiO2.  
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Figure 6.3. Schematic showing the oxidation and deposition process of RuO2  
particles on TiO2 
 
 
Thus we could visualize a system where all the oxidation and deposition activity 
occurs only within the vicinity of the boat where the physically mixed particles are 
present. This is evident from the closure of mass balance for Ru during the oxidation 
process. The second possibility is the physical movement of a mobile RuO2 species from 
particle to particle. In this case, RuO2 is transferred from the RuO2/SiO2 particle to the 
TiO2 particles via physical movement of the solid ruthenium oxide. Herd et al. recently 
reported the possible role of a mobile Ru-O surface species in the room temperature 
oxidation of Ru (0001).[158] With the aid of Scanning Tunneling Microscopy (STM), 
they found that the oxidation of Ru single crystals with atomic oxygen occurred via the 
mobile Ru-O species. However, they could not reach any conclusions as to whether this 
species was RuO3, RuO4 or surface mobile RuO2.[158] There is no evidence to the 
= TiO2 
=  RuO2/SiO2 
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knowledge of the author to support the movement of solid RuO2 thus this second 
mechanism is not likely. Based on previous studies in literature on the transport of 
ruthenium oxides [77, 80] the first mechanism proposed is the most probable one. 
6.7 Stability of anatase titania after high temperature calcination 
It is known that pure TiO2 anatase is unstable at high temperatures during 
calcination in air and this leads to loss in surface area. This loss in surface area could be 
due to pore coalescence and increase in particle size upon heating.[87, 94] Anatase is 
the meta-stable phase of TiO2 and can be transformed to rutile at temperatures above 
600 °C.[88, 90, 159, 160] To make firmer conclusions based on the data presented in 
Table 6.1, it is important to determine if this loss in surface area plays a role in the 
inferior ability of pure anatase to stabilize the RuO2 species during oxidation. It is also 
important to determine the effect of an amorphous metal oxide such as SiO2 on this 
oxidation and deposition process. 
The effect of pre-calcining TiO2 anatase at 500 °C for 4 h before physically 
mixing with RuO2/SiO2 and oxidizing in air is presented in Table 6.2. Ru amount on 
both fresh and pre-calcined TiO2 anatase samples are similar. This is evidence that even 
though there could be loss in surface area of the pure anatase catalyst during the 
oxidation process as seen in literature for anatase samples[94, 140, 143], it does not play 
a role in influencing the deposition of RuO2 on this TiO2 phase. Table 6.2 also shows a 
much lower Ru amount on SiO2 compared to any of the TiO2 catalysts. RuO2 therefore 
is preferentially deposited on the TiO2 catalysts than SiO2. Interestingly, Frohlich et al. 
found that only traces of rutile TiO2 were observed when TiO2 was deposited on a 
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silicon seed layer at a deposition temperature of 425 °C with the growth of this rutile 
phase becoming significant at a temperature of 600 °C.  
 
Table 6.2. Ruthenium content on SiO2, TiO2 Anatase, TiO2 Anatase  
(500 °C calcined,4 h) and TiO2 P25 after oxidation at 500 °C for 12 h  
and physical separation from RuO2/SiO2. Ru wt% was determined  
by ICP. RuO2/SiO2:SiO2 or TiO2 ratio =1:2 
 
 
 
 
 
 
 
 
 
 
At lower temperatures, only growth of anatase TiO2 was observed on the silicon 
layer.[142] Therefore, it is proposed that the different structures of these metal oxides 
play a role in this deposition process. The silica used in this study is amorphous in nature 
while the TiO2 catalysts have crystalline structures as stated earlier. The amorphous 
SiO2 could have a lesser effect in stabilizing the RuO2 species than either of the pure 
anatase or anatase/rutile TiO2 particles. 
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6.8 Effect of oxidation time and ratio of catalyst amount mixtures 
The discussion above has focused on samples oxidized in air flow for 12 h. It is 
important to study the effect of oxidation time on the process of RuO2 deposition on the 
TiO2 samples. In Figure 6.4, the amount of Ru deposited on both pure anatase and P25 
samples as a function of oxidation time is presented. A general trend of more Ru species 
being deposited on TiO2 as oxidation time increases is observed and this is irrespective 
of the support phase. A possible explanation is that in a general sense, increase in 
oxidation time allows for a longer amount of time for the interaction between the 
RuO2/SiO2 and TiO2 samples which could lead to more RuO2 deposited on the TiO2 
samples. It should be noted also higher amounts of Ru were deposited on TiO2 P25 at 
all oxidation times compared to anatase which corroborates the results presented in 
earlier sections. It should also be pointed out that the difference in Ru deposited on both 
supports presented in Figure 6.4 is conservative considering that anatase has more than 
2 times the surface area of P25. This is highlighted in Figure 6.5 where Ru weight 
percent per TiO2 surface area was calculated also including a pure rutile TiO2 catalyst 
(BET surface area = 50 m2/g). On a surface area basis, more than 5 times Ru is deposited 
on the P25 TiO2 compared to pure anatase. This trend also hold true for the pure rutile 
support compared to pure anatase at all oxidation times which is further proof of the 
preference Ru particles for the rutile phase of TiO2.  
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Figure 6.4. Effect of oxidation time on Ru content of TiO2 Anatase and  
TiO2 P25 oxidation after 500 °C oxidation and physical separation  
from RuO2/SiO2. Ru wt% was determined by ICP. RuO2/SiO2:TiO2  
ratio = 1:2 
 
Surprisingly, Ru amount on pure rutile was slightly lower than P25 
(Anatase+Rutile). It was expected that the pure rutile support would be more effective 
in stabilizing Ru particles compared to P25 therefore giving the opposite trend to what 
was observed. A possible explanation from literature is that the interface between 
anatase and rutile in P25 leads to enhanced photocatalytic activity compared to pure 
rutile or anatase.[161, 162]. This was attributed to various phenomena such as lattice 
electron trapping sites, surface electron and hole trapping sites and electron 
recombination which are improved as a result of this anatase-rutile interaction.[161, 
162]. This interface is possible because even though anatase and rutile particles exist as 
discrete crystallite nanoparticles in P25 and other percentage mixtures of both phases, 
they are aggregated.[163] This results in an intimate contact between these particles 
which creates an interface that enhances interparticle charge migration.[163] This could 
91 
explain the stabilization of more Ru particles on the anatase-rutile mixture (P25) 
compared to pure rutile during these oxidation experiments. 
 
 
 
 
 
 
 
 
 
Figure 6.5. Ru weight % per m2 TiO2 as a function of oxidation time for  
TiO2 Anatase, TiO2 P25 and TiO2 Rutile after 500 °C oxidation and  
physical separation from RuO2/SiO2. Ru wt% was determined by ICP. 
RuO2/SiO2 : TiO2 ratio = 1:2 
 
 
The effect of different ratios of RuO2/SiO2 and TiO2 amounts on the ruthenium 
oxide species deposited was also studied and is presented in Table 6.3. The data shows 
that increasing the amount of TiO2 in the physical mixture leads to a decrease in the 
amount of RuO2 deposited on TiO2 for both pure anatase and P25 samples. This is 
possibly due to the lower amount of RuO2 present in the physical mixtures with higher 
TiO2 to RuO2/SiO2 ratios. Interestingly, the Ru amount deposited on anatase is 
decreased by 52 %, while for the catalyst with the rutile phase present, this decrease is 
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34 %. Again, the trend for superior stabilization of Ru on rutile particles holds true 
irrespective of oxidation time or ratio of catalyst mixture.  
 
Table 6.3. Effect of mixture ratio on Ru content of TiO2 Anatase and  
TiO2 P25 oxidation after 500 °C oxidation and physical separation from  
RuO2/SiO2. Ru wt% was determined by ICP. RuO2/SiO2:TiO2  
ratio is in parenthesis. 
 
 
 
 
 
 
 
 
6.9 Conclusion 
It has been shown that the TiO2 crystal structure plays an important role for the 
stabilization of RuO2 species during high temperature oxidation in air. The Ru amount 
deposited on TiO2 P25(anatase and rutile mixture) and pure rutile was always found to 
be higher than that on TiO2 anatase for all oxidation times studied. Also, the anatase 
support had larger Ru particles than the P25 which contains the rutile phase. 
Temperature Programmed Reduction showed the reduction of RuO2 oxide species to Ru 
as seen by the H2 consumption peaks. It was proposed that a short diffusion path exists 
between the physically mixed particles and that both the similarity in structures for rutile 
TiO2 and RuO2 and the higher amount of surface defects on the rutile phase of  TiO2 
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could play crucial roles in the stabilization of RuO2 species by the rutile phase of TiO2 
P25 during oxidation. 
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7 Elucidating the active sites for conversion of m-cresol over 
Ru/TiO2 
7.1 Introduction 
The conversion of guaiacol over Ru on supports such as C, SiO2, Al2O3 and TiO2 
has been studied recently and it was demonstrated that the Ru/TiO2 catalyst was more 
stable and active when compared to the other supports.[46] However, it was not clear if 
these active sites were perimeter sites around the Ru particle or defects on the TiO2 
support far away from Ru. Results obtained from further studies where the effect of 
TiO2 support phase – anatase versus rutile - and pretreatment conditions on guaiacol 
conversion over Ru/TiO2 catalysts were examined led to the conclusion that the 
formation of monooxygenates such as phenol, cresols and xylenols occur on TiO2  defect 
sites rather than at the Ru/TiO2 interface.[100]  It was also demonstrated that the rate of 
conversion of species containing two oxygen atoms, such as guaiacol and catechol, to 
monooxygenates is a much faster reaction than the subsequent conversion of 
monooxygenated phenolics such as cresol to aromatic hydrocarbons.[46] 
The role of these perimeter sites for further conversion of monooxygenates to 
completely deoxygenated aromatic hydrocarbons over Ru/TiO2 is still not understood. 
Enhanced rates of deoxygenation have been observed over metals supported on 
reducible oxides when compared with inert supports. Enhanced rates of aromatics 
production from phenolics have been observed by our group over Ru/TiO2 when 
compared with Ru supported on other supports.[46] Similar enhancements in the rate of 
aromatics formation have more recently been observed in the literature for other 
metal/reducible oxide systems such as Pt/TiO2 [164] and Pd/ZrO2.[165] While there 
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appears to be a significant improvement in deoxygenation selectivity when metals are 
supported on oxophilic reducible supports such as TiO2, little is known about the site 
responsible for this behavior for the hydrodeoxygenation of phenolics. It is not known 
if this synergy is due to defects created on the support, as has been suggested for the 
case of guaiacol [100] and furfural [166] conversion or if it is due to the metal/support 
perimeter as has been suggested for reactions such as acetic acid deoxygenation[167], 
C-O dissociation [71] or phenol HDO.[168] The cleavage of a phenolic C-O bond is 
perhaps the most difficult chemical transformation necessary for the removal of oxygen 
from bio-oil monomers en route to fuels and chemicals production. Because such great 
promise has been observed for this reaction upon the combination of metals with 
reducible oxides such as Ru/TiO2, understanding the site requirements for this reaction 
is essential to advance the field. 
This chapter will focus on the conversion of an important mono-oxygenated phenolic 
compound, m-cresol over Ru/TiO2 catalysts to quantify the role of perimeter vs. defect 
sites. Experimentally, the role of each type of site is determined by measuring m-cresol 
transformation rates in a vapor phase flow reactor over a series of Ru/TiO2 catalysts 
spanning a wide range of metal particle sizes and perimeters. In addition to particle size 
and perimeter, the metal deposition methods and TiO2 support phase are varied to 
determine how broadly applicable the conclusions derived from this study are.  
7.2 Catalyst synthesis  
Ru/TiO2 catalysts with various loadings (1.1 wt% to 4.4 wt%) and                                      
Ru/SiO2 catalysts (1, 5.3 and 9.4 wt%) were prepared by incipient wetness impregnation 
of an aqueous solution of Hexaamineruthenium (III) chloride (98% Sigma Aldrich) onto 
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TiO2 support (Aeroxide P25) with a pore volume of 0.25 ml/g or SiO2 support (Hisil-
210) with a pore volume of 0.96 ml/g. After impregnation, the catalysts were dried in 
air for 48 h at room temperature, then in an oven at 120 °C for 12 h and finally reduced 
in H2 flow at 400 °C for 2 h. Ru/TiO2 catalysts with 0.5 wt% and 0.6 wt% loadings were 
synthesized by the strong electrostatic adsorption (SEA) method. An aqueous solution 
of Hexaamineruthenium (III) chloride (98% Sigma Aldrich) with a precursor 
concentration of 200 ppm was prepared and the pH was increased stepwise by the 
addition of sodium hydroxide up to a value of 11.7. Following aging of the solution for 
1 h, 12.5 g of the support (TiO2 Aeroxide P25) was introduced to the solution. Then the 
mixture was stirred by shaking for 1 h before the solid was filtered, washed and then 
dried overnight in flowing air. Finally, the catalysts were reduced under mild conditions 
of 100 °C. Also, Ru/TiO2 catalysts with loadings 0.4, 0.8 and 3.5 wt % supported on 
pure anatase TiO2 (Alfa Aesar, Catalyst support, Anatase 1/8’’ pellets) and 1.5 wt% on 
pure rutile TiO2 (Aldrich, Rutile nanoparticles) were prepared by incipient wetness 
impregnation of an aqueous ruthenium (III) chloride hydrate (Aldrich, 99.98% trace 
metals basis) solution onto the anatase support and ruthenium(III) nitrosyl nitrate (in 
dilute nitric acid, 1.5% Ru) onto the rutile support .  
Prior to impregnation, the TiO2 anatase pellets were crushed to a particle size 
below 500 μm, dried overnight in an oven for 12 h before cooling down to room 
temperature. The rutile support was in powder form. Following impregnation, the 
catalysts were oven dried at 120 °C for 12 h, and then calcined in flowing air at 400 °C 
for 4 h. The Ru/TiO2 catalysts prepared were pelletized and then sieved to obtain particle 
sizes in the 250-420 μm range (Mesh no. 40-60).  
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7.3 Catalyst characterization 
ICP (Galbraith Laboratories) was used to determine the ruthenium content of the 
catalysts. Particle size distribution was determined from Transmission Electron 
Microscopy (TEM, JEOL JEM-2100 model). Prior to imaging, the catalyst samples 
were pre-reduced in H2 flow at 400 °C for 1 h, dispersed in isopropanol before 
sonicating to produce a uniform suspension. Spent catalysts analyzed after the reaction 
were dispersed in isopropanol without further reduction treatment. A few drops of the 
solution were dispersed on carbon-coated copper TEM grids. At least 200 particles were 
counted to obtain the particle size distribution. 
7.4 Catalytic activity tests 
7.4.1 Flow reactor studies 
Reaction measurements were determined in a ¼ in OD quartz flow reactor at 
atmospheric pressure in the vapor phase. In a typical experiment, the catalyst particles 
were diluted in inert glass beads (Sigma Aldrich Part number: G1277) with a particle 
size range of 212-300 μm, which is similar to the particle size range of the catalyst 
pellets described above. The catalyst bed was placed between two layers of quartz wool 
in the reactor tube while also filling the empty space above the catalyst bed with 1 mm 
diameter glass beads to ensure that the m-cresol feed is vaporized uniformly starting 
from the heated inlet zone. Vapors were analyzed online via an Agilent 5890 FID GC. 
Products were identified and quantified with standards, with identification confirmed 
via GCMS in a Shimadzu QP-2010. The transfer line from the reactor outlet to the GC 
six port valve was heated to 300 °C to prevent condensation of compounds in the lines 
during reaction runs. The catalysts were reduced in situ with 100 ml/min hydrogen flow 
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at 400 °C for 1 h before introducing the m-cresol feed. All m-cresol conversion reactions 
were carried out at 400 °C unless otherwise stated. The carbon balance for each of the 
runs reported was >95%, with conversions reported at a time on stream of 10 minutes 
unless otherwise stated.  
7.4.2 Ethylene hydrogenation 
Ethylene hydrogenation reaction rates to verify particle sizes obtained via TEM 
were determined using the flow reactor system described above at 40 °C and 
atmospheric pressure. The catalysts were reduced in hydrogen at 400 °C and cooled 
down to 40 °C prior to the introduction of the ethylene and hydrogen feed gases at a 
molar ratio of 1:50. The online gas chromatograph system (GC-GID) described above 
fitted with a PLOT column (Varian CP-Al2O3, 50 m, 0.32 μm) was utilized for analysis. 
7.5 Nature of active site 
The incorporation of a TiO2 support to Ru catalysts enhances the rate of m-cresol 
conversion to toluene.  Rates normalized per Ru surface area and selectivity to toluene 
for pure metal Ru/SiO2 catalysts are compared with a Ru/TiO2 catalyst of comparable 
particle size. The results presented in Table 7.1 show that the rate of toluene formation 
per Ru surface area for Ru/TiO2 is greater than Ru/SiO2 by nearly a factor of two. Also, 
a significant enhancement in selectivity to toluene (95 %) is observed when TiO2 is 
introduced as the support compared to 58-70 % for the various Ru/SiO2 catalysts. Taken 
together, these results suggest strongly that active sites responsible for toluene 
production are created due to an interaction of Ru with the TiO2 support however they 
do not differentiate between sites at the metal/support perimeter[168, 169], TiO2 support 
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sites far away from the Ru metal[100] or decoration of the Ru metal by reduced TiOx 
species[170]. 
 
Table 7.1. Selectivity to Toluene and Rate of Toluene formation per Ru  
surface area for Ru/TiO2 and Ru/SiO2 catalysts. T= 400 oC, P = 1atm,  
TOS = 10 mins, Conversion <25% 
 
 
 
 
 
 
 
 
To determine the nature of the active sites responsible for the enhancement in 
reaction rate and selectivity to toluene, a series of catalysts with varying metal loading 
and particle sizes were prepared over both pure anatase, P25 (an anatase/rutile mixture) 
and pure rutile TiO2. By varying both the support phase and the perimeter surrounding 
the metal particles by nearly an order of magnitude, one can distinguish between active 
sites on the Ru cluster (by varying Ru surface area), Ru/TiO2 interface (by varying Ru 
perimeter) and on the TiO2 support (by varying support phase – anatase, P25 and rutile). 
By assuming hemispherical Ru particles[93, 121] on the TiO2 support with known 
values for Ru weight percent, particle size and catalyst amount, the Ru particle size, 
metal surface area and perimeter per gram catalyst were calculated for all the catalysts 
as presented in Table 7.2. The wt% Ru for each catalyst was determined by ICP.  
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Table 7.2. Perimeter and Surface Area per gram catalyst for various Ru catalysts 
estimated from Transmission Electron Microscopy (TEM) analysis of metal  
particle size. Ru/TiO2 A corresponds to Anatase, Ru/TiO2 R corresponds to  
Rutile and Ru/TiO2 corresponds to P25 
 
 
 
 
 
 
 
 
 
 
The low loading (<1wt% Ru) catalysts had sub-nanometer particle sizes as 
determined by TEM. While small particle sizes of this magnitude have been reported in 
literature for this family of catalysts,[171-173] additional verification of particle size 
was conducted with a probe reaction. The classical structure-insensitive ethylene 
hydrogenation reaction probes the exposed Ru surface area and this property was 
confirmed in the reactor system utilized for this investigation. As presented in Table 
7.3, the reaction rate does not vary with particle size for different Ru/SiO2 catalysts. 
Therefore, rates per exposed metal atom on a selected Ru/SiO2 catalyst was used to 
estimate the exposed Ru surface area for several of the TiO2 supported Ru catalysts. 
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Particle sizes estimated via ethylene hydrogenation for various Ru/TiO2 catalysts are 
presented in Table 7.4, indicating excellent agreement between the two techniques. The  
fact that the two techniques agree both supports the TEM measurements and also 
indicates that any TiOx migration over the Ru nanoparticle during the reduction step 
does not lead to a significant loss in exposed surface area. Because these ethylene 
hydrogenation reactions were conducted with the smaller Ru nanoparticles, which are 
more prone to covering by the TiOx under high reduction temperatures,[71] any 
migration of TiOx over the Ru surface was not enough to significantly modify the 
number of exposed metal sites.  
 
Table 7.3. Ethylene hydrogenation rates per m2 Ru per h for several Ru/SiO2 
 catalysts. T = 40°C, C2H4:H2 = 1:50, P=1atm, Conversion <5% 
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Representative TEM images for some of the Ru/TiO2 catalysts are presented in 
Figures 7.1 – 7.4. Additional detailed information on the particle size distribution and 
representative TEM images of each catalyst used in this study can be found in Appendix 
A.  Figure 7.5 shows the rate of toluene formation vs. the Ru perimeter for all of the 
catalysts listed in Table 7.2. The initial rates were all obtained at low conversions (< 15 
%). The rate of toluene formation increases linearly with the Ru perimeter. It is 
important to note that toluene is the major product observed under these reaction 
conditions. Over 86% selectivity to toluene is observed on a mol C basis for all TiO2 
supported catalysts under this range of conversions as a function of Ru loading as shown 
in Figure 7.6.  
 
Table 7.4. Comparison of Ru particle sizes estimated from TEM and Ethylene 
hydrogenation for Ru/TiO2 catalysts. A 1% Ru/SiO2 catalyst of known particle 
size and fully exposed metal surface area was used as a standard. 
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Figure 7.1. TEM image for 0.6% Ru/TiO2 P25 
 
 
 
 
 
 
 
 
 
 
Figure 7.2. TEM image for 1.1% Ru/TiO2 P25 
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Figure 7.3. TEM image for 3.5% Ru/TiO2 Anatase 
 
 
 
 
 
 
 
 
 
 
Figure 7.4. TEM image for 4.4% Ru/TiO2 P25 
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Figure 7.5. Plot of reaction rate for toluene formation as a function of perimeter  
for several Ru catalysts. T= 400 oC, P = 1atm, TOS = 10 mins, Conversion <15%. 
Diamonds represent Ru supported on anatase TiO2, triangles represent P25 and 
circle represents rutile TiO2 
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Figure 7.6. Product selectivity as a function of Ru loading for several Ru/TiO2 
catalysts. T= 400 oC, P = 1atm, TOS = 10 mins, Conversion <15% 
 
This clear trend in rate per metal/support perimeter is rather remarkable 
considering that the range of catalysts studied spans both pure anatase, pure rutile and 
P25 TiO2 supports, with P25 consisting of both anatase and rutile polymorphs. Under 
identical reaction conditions in a previous study, the catalyst support phase was found 
to have a significant impact on initial deoxygenation rates of a dioxygenated phenolic 
compound guaiacol.[100] This trend of increasing rate with increasing metal perimeter 
was not present upon the conversion of guaiacol under identical conditions, with activity 
correlating more strongly with the TiO2 phase than the metal/support perimeter. Based 
on the results presented in Figure 7.5,active sites responsible for toluene formation scale 
linearly with the perimeter surrounding the metal particle. This plot alone, however, 
does not discern activity differences that may arise due to sites on the Ru with varying 
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coordination numbers that result from the range of Ru particle sizes tested. A plot of the 
normalized rate of toluene formation per perimeter shown in Figure 7.7 in which this 
rate does not vary significantly with Ru particle size indicates that the trend is not 
dependent on the Ru particle size, but rather the Ru/TiO2 perimeter. This is a significant 
result as the promising enhancements in activity observed for guaiacol conversion to 
cresol when supporting Ru over TiO2 [46] in previous studies were found to be highly 
dependent on the TiO2 support (anatase vs. P25) under similar reaction conditions.[100] 
This implies that, although the combination of Ru with TiO2 results in a synergy in 
activity for the conversion of phenolics containing one or two oxygen atoms, the active 
sites primarily responsible for each species may be different.  
 
 
 
 
 
 
 
 
 
 
Figure 7.7. Normalized rate of toluene formation per Ru perimeter versus  
particle size for several Ru catalysts. T= 400 oC, P = 1atm, TOS = 10 mins,  
Conversion <15% 
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The metal/support perimeter has been proposed as the active site for bond 
activation for a variety of other reactions. In Ru/TiO2 systems, while the significance of 
perimeter sites for C-O bond activation in Fischer-Tropsch synthesis has been 
demonstrated by Bell et al.[71], these sites have also been touted to be the active sites 
for phenol hydroeoxygenation [168]Also, normalized ethane and butane hydrogenolysis 
rates were found to follow a trend with the normalized perimeter and not the exposed 
metal surface area for Rh/TiO2.[98]  Lastly, the role of surface water on the TiO2 surface 
in donating protons across the Au/TiO2 interface thereby serving as a cocatalyst for CO 
oxidation reaction on Au nanoparticles has been demonstrated recently.[174] Taken 
together, these studies show that perimeter sites are significant for the conversion of 
various compounds in supported metal systems (m-cresol to toluene in this case) and a 
better understanding of the phenomena occurring at metal/support interfaces will be 
useful for a variety of applications. 
7.6 Hydrogenolysis activity  
Asides from the high selectivity to toluene observed from Figure 7.6, the 
selectivity to light gases over all the Ru/TiO2 catalysts was <5 mol%. This is an 
interesting result considering that light gases such as methane was a significant product 
for the reaction over Ru/SiO2 with selectivity as high as 31 mol% from Table 7.5. Light 
gases can be formed via C-C bond hydrogenolysis over the Ru metal. Therefore, a 
discussion addressing these selectivity differences, that is, a preference for toluene 
formation over Ru/TiO2 on one hand versus significant hydrogenolysis to produce light 
gases over Ru/SiO2 is critical to understanding these results. The reduction in methane 
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selectivity observed over Ru/TiO2 could be due to a combination of enhanced rates of 
toluene production on perimeter sites coupled with a decrease in sites necessary for C-
C hydrogenolysis. This decrease in active sites for C-C hydrogenolysis could be due to 
the presence of water produced during toluene formation at the interface, which is 
known to suppress C-C hydrogenolysis in F-T reactions.[175] Alternatively, some small 
amount of TiOx decoration during high temperature reduction could inhibit sites 
required for C-C hydrogenolysis. Low coordination sites have been reported to be active 
sites for alkane hydrogenolysis over several metals.[176-178] Resasco and Haller[98] 
also found a drop in alkane hydrogenolysis rates after reduction at 500 °C of Rh 
supported on TiO2. They attributed this to covering of active sites responsible for this 
reaction by reduced TiO2.  
 
Table 7.5. Product Selectivity and Yield (mol% C) for m-cresol conversion over  
Ru/SiO2 catalysts with different loadings. T= 400 oC, P = 1atm, TOS = 10 mins, 
Conversion <25% 
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This effect has also been demonstrated for Ru/TiO2 systems upon the 
hydrogenolysis of n-butane[179] and n-hexane[119] after high temperature reduction. 
It should be noted, however, that any decoration that occurs in the present study is not 
sufficient to alter the ethylene hydrogenation activity as shown in Table 7.4, indicating 
that water produced during this reaction may play an important role for suppressing C-
C hydrogenolysis on Ru/TiO2. Finally, Figure 7.8 shows that irrespective of Ru metal 
loading or particle size for three Ru/SiO2 catalysts compared, the rate of toluene 
formation per Ru surface area does not significantly change. Since different 
coordination planes can be exposed as particle size changes from 2.3 to 4.1 nm, this is 
further evidence that sites on the Ru metal are not the important active sites for m-cresol 
deoxygenation to toluene. On the other hand, selectivity for light gases over the Ru/SiO2 
catalysts increases as Ru particle size is increased which indicates a structure-sensitive 
reaction. Similar observations in hydrogenolysis selectivity over supported Ru catalysts 
have been reported in the literature.[180]  
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Figure 7.8. Rate for toluene and methane formation vs. Ru particle diameter  
over three Ru/SiO2 catalysts. T = 400 °C, P = 1atm, TOS = 10 mins,  
Conversion < 25% 
 
7.7 Reaction mechanism 
Typical mechanisms of m-cresol conversion reported in the literature has been 
via a hydrogenation/dehydration pathway[181-183] or a direct deoxygenation 
pathway.[164, 184-186] In the hydrogenation/dehydration pathway, a catalyst with both 
metal and acid functionality is required. Hydrogenation of the aromatic ring of a 
phenolic species to form saturated alcohols can occur over the metal while the acid 
provides dehydration activity to remove the oxygen.[181, 187, 188] From the data 
presented earlier in this chapter, it is clear that this mechanism cannot explain the 
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formation of toluene on SiO2 supported Ru since the support has weak acidity. Also, the 
acid sites on TiO2 are not as strong as the conventional acid catalysts (Al2O3 and HZSM-
5 zeolite) investigated in those studies. Thus it is not likely that the 
hydrogenation/dehydration pathway plays a major role for this catalytic system.  
The direct deoxygenation pathway (DDO) has been proposed over sulfides,[189, 
190] carbides,[191, 192] and some metals in the absence of strong acidity through a 
surface tautomerization step through hydrogenation and rearrangement of a ketone 
double bond.[165, 193] The DDO pathway involves hydrogenolysis of the aromatic C-
O bond over these various catalysts such as sulfided CoMo. The deoxygenation is 
presumed to occur on vacancy sites created on the catalyst. This pathway was found to 
be more favorable than the hydrogenation pathway for the conversion of cresol and 
phenol over these sulfided catalysts.[189, 190] but is not likely to play a role when mild 
temperatures are involved since high reaction temperatures are required to overcome 
the high energy barriers involved in cleavage of the aromatic C-O bond. In this study, 
reactions were carried out at 400 °C therefore it is possible that this pathway plays a 
significant role and thus cannot be ruled out. 
Recently, a tautomerization step involving hydrogenation and rearrangement of 
the ketone double bond has been proposed for m-cresol conversion over Pt and Pd 
catalysts.[165, 193] In this step, m-cresol is converted to 3-methyl-3,5-
cyclohexadienone, an unstable ketone intermediate via a fast and reversible 
tautomerization reaction on the Pt/SiO2 catalytic system studied by Nie et al.[193] This 
can be followed by hydrogenation of the unsaturated C=C bond in the ketone to form 
3-methyl-cyclohexanone. Since only Pt metal sites are available for reaction, this 
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saturated ketone was shown to be hydrogenated to form the corresponding alcohol, 3-
methyl-cyclohexanol.[193] The role of an oxophilic support has been proposed to 
accelerate deoxygenation of cresols[165] and phenol[169] over supported Pt and Pd 
catalysts.[165] Enhancement in toluene selectivity was achieved after introduction of 
reducible or oxophilic supports such as TiO2 or ZrO2. It was speculated that the 
oxophilic support such as ZrO2 can attract the surface tautomer and enhance its 
decomposition to eliminate oxygen. Asides from Pt and Pd based catalysts, the role of 
these oxophilic sites for m-cresol conversion to toluene has been demonstrated using 
other metal-based catalytic systems. In a recent paper, the reaction of m-cresol over Ni, 
Fe and Ni-Fe catalysts was investigated.[194] While alcohols were seen as major 
products in supported Ni catalysts, the introduction of Fe either as a Ni-Fe alloy or as 
pure Fe resulted in a significant increase in selectivity to toluene.[194] As mentioned 
earlier in this chapter, highly active Ru/TiO2 interfacial sites can be created when Ru 
comes in contact with the reducible TiO2 support therefore it is possible that this 
tautomerization step also occurs on these reduced sites. By this mechanism, m-cresol 
can be deoxygenated to produce toluene which is the major product observed for this 
reaction under the conditions for this study.  
More recently however, a different mechanism for the conversion of phenol, a 
similar molecule with cresol but with only the hydroxyl group, over Ru/TiO2 was 
proposed from density functional theory (DFT) calculations.[168] The authors 
described a direct proton-assisted Caryl-OH cleavage mechanism occurring over the 
Ru/TiO2 interface which involved proton transfer steps across this interface. Upon H2 
cleavage at the Ru/TiO2 interface, it was proposed that the hydroxylated TiO2 support 
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is protonated with one H atom, while a Ru-hydride (Ru-H) is formed with interaction 
of Ru with the second H atom. Then the support proton attacks the OH group of the Ru-
bound phenol during Caryl-OH bond scission to facilitate its elimination as H2O. In the 
final step, benzene is formed when the Ru-H forms a C-H bond with the benzene 
radical.[168] As mentioned in the previous section, rates of toluene formation from m-
cresol was found to correlate well with Ru perimeter therefore the similarity of both 
phenolic molecules (phenol and m-cresol) makes it worthwhile to investigate further. In 
collaboration with Dr. Lars Grabow at the University of Houston, DFT calculations for 
m-cresol direct deoxygenation were performed over metallic Ru(0001), fully 
hydroxylated h-TiO2(110), and the Ru10/TiO2(110) interface model and the results with 
key elementary steps are shown in Table 7.6.[195] The binding energy (∆EBE) of m-
cresol adsorption at the protonated interface site (step X in Table 7.6) is -1.85 eV. The 
initial, transition and final states for m-cresol adsorption is also shown in Figure 7.9. 
The subsequent proton-assisted Caryl-OH dehydroxylation (step XI in Table 7.6) releases 
gas-phase H2O, leaves C6H4(CH3)-Ru bound to the Ru cluster while restoring the 
interfacial HObr site. Interestingly, the barrier of this proton-assisted C-O cleavage step 
(Ea = 0.30 eV) in m-cresol was found to be lower than the direct C-O scission step 
involving only an interfacial 𝑉𝑉𝑂𝑂𝑏𝑏𝑏𝑏 vacancy site (Ea = 0.71 eV, step IX Table 7.6).[195] 
While no vacancy formation steps are needed in this proton-assisted mechanism, it 
requires an interfacial acid site, formed by heterolytic H2 dissociation across the 
Ru/TiO2 interface (Ea =0.47 eV). The similar barriers for proton-assisted Caryl-OH 
dissociation (acid character of TiO2) and heterolytic H2 cleavage (base character of 
TiO2) seems to give evidence that the support effect is due to the amphoteric character 
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of TiO2. However, the mechanism involving an oxygen vacancy site on the support 
cannot be ruled out and further research will be required to distinguish between both 
mechanisms. 
 
Table 7.6. Summary of key elementary steps on Ru(0001), h-TiO2(110), and 
Ru10/TiO2(110).a [Ref.195] 
 
 
a 𝑉𝑉𝑂𝑂𝑏𝑏𝑏𝑏 denotes a bridging oxygen vacancy site on h-TiO2. X-Ru refers to species X bound 
to a Ru site, while ‘*’ is used to indicate interfacial binding requiring a Ru and 𝑉𝑉𝑂𝑂𝑏𝑏𝑏𝑏 site. 
For step X and XI the interfacial 𝑉𝑉𝑂𝑂𝑏𝑏𝑏𝑏 site is occupied by water and the use of ‘*’ for m-
cresol indicates that its binding geometry requires Ru and the interfacial water molecule 
in the 𝑉𝑉𝑂𝑂𝑏𝑏𝑏𝑏 site. 
b, c ∆E and Ea are total energy change and activation energy barrier without zero point 
energy (EZPE) or entropy correction in eV. 
d, e Gibbs free energies are calculated as ∆G = ∆E + EZPE – T∆S at T = 673 K, pressure 
1 atm. 
 
 
 
Surface No. Elementary Steps b∆E cEa d∆G e∆Ga 
Ru 
I C6H4(CH3)OH(g) + * → C6H4(CH3)OH* -0.28 - - - 
II C6H4(CH3)OH* + * → C6H4(CH3)* + HO* 0.00 1.42 - - 
III C6H4(CH3)OH* + H* → C6H5(CH3)OH* 0.38 1.11 - - 
h-TiO2 
IV C6H4(CH3)OH(g) + 𝑉𝑉𝑂𝑂𝑏𝑏𝑏𝑏  → C6H4(CH3)OH* -0.38 - - - 
V C6H4(CH3)OH* + * → C6H4(CH3)* + HObr 0.13 0.99 - - 
Ru/TiO2 
VI H2(g) + Ru → H2-Ru -0.05 0.11 0.93 1.05 
VII H2-Ru + HObr → H-Ru + H2Obr 0.22 0.47 0.33 0.53 
VIII C6H4(CH3)OH(g) + Ru + 𝑉𝑉𝑂𝑂𝑏𝑏𝑏𝑏  → C6H4(CH3)OH* -1.47 - -0.20 - 
IX C6H4(CH3)OH* → C6H4(CH3)-Ru + HObr -0.78 0.71 0.70 -1.18 
X C6H4(CH3)OH(g) + Ru + H2Obr → C6H4(CH3)OH* + H2Obr -1.85 -   
XI C6H4(CH3)OH* + H2Obr → C6H4(CH3)-Ru + HObr + H2O(g) -0.79 0.30 - - 
XII C6H4(CH3)-Ru + H-Ru → C6H5(CH3)-Ru + Ru -0.75 0.10 -0.47 0.34 
 XIII C6H5(CH3)-Ru  → C6H5(CH3)g + Ru 1.46 -   
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Figure 7.9. Proposed direct deoxygenation (DDO) pathway for m-cresol[Ref.195] 
 
 
To show further that the Ru/TiO2 interface was the active site for m-cresol 
conversion, activation barriers over metallic Ru(0001) and a bridging oxygen vacancy 
site, 𝑉𝑉𝑂𝑂𝑏𝑏𝑏𝑏, on TiO2(110) were calculated. The direct Caryl-OH dissociation (step II in 
Table 1) on metallic Ru(0001), representative of large Ru particles in the absence of 
support effects, is Ea = 1.42 eV and considerably higher than the proton-assisted 
dihydroxylation at the interface (step XI, Ea = 0.30 eV).[195] Even though, the bridging 
oxygen vacancy site, 𝑉𝑉𝑂𝑂𝑏𝑏𝑏𝑏, on TiO2(110) is able to cleave the Caryl-OH bond with a lower 
barrier than Ru(0001) (step V, Ea = 0.99 eV), the presence of the metal greatly enhances 
the formation of these 𝑉𝑉𝑂𝑂𝑏𝑏𝑏𝑏 vacancy sites on TiO2 which makes it unlikely that these are 
the dominant active sites for this reaction. Therefore, the calculations above support the 
conclusion that Ru/TiO2 interface sites are required for this reaction to either form 
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support vacancies near the interface or to catalyze proton-assisted C-O scission in m-
cresol.  
7.8 Kinetics of m-cresol conversion 
Reaction kinetics was employed to compare the activation energies for m-cresol 
deoxygenation over the Ru/TiO2 interface obtained from experimental data with 
theoretical calculations using DFT. It has been shown in previous sections that these 
interfacial sites are the active sites for this reaction with agreement between 
experimental and theoretical data. A simple kinetic model derived from the Langmuir-
Hinshelwood model (shown in the equation below) involving one active site assumed 
to be the oxygen vacancy sites near the Ru/TiO2 interface was utilized for this study. 
 r = k.KC.PC
1+KC.PC+KT.PT                                                                                         7.1 r = k′. PC                                                                                                     7.2 r = k                                                                                                                7.3 
 
where r = reaction rate; k = rate constant; k’=k.KC; KC and KT are the m-cresol and 
toluene adsorption constants respectively; PC and PT are the partial pressures of m-cresol 
and toluene respectively. This model assumes the rate determining step is direct C-O 
scission involving only an interfacial 𝑉𝑉𝑂𝑂𝑏𝑏𝑏𝑏 vacancy site as seen from step IX in Table 
7.6 and that hydrogen is not involved in this step. Based on these assumptions, hydrogen 
adsorption is not accounted for in this work. It will be important to investigate if this 
assumption is indeed valid in the future, that is, if hydrogen is involved in the rate 
determining step especially since a lower activation barrier was reported from DFT 
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studies discussed above for the proton-assisted C-O cleavage (step XI in Table 7.6) 
where hydrogen dissociation across the Ru/TiO2 interface is important to protonate the 
TiO2 support thus creating an active site for m-cresol deoxygenation. 
7.8.1 Mass transfer limitations 
To ensure operation in the kinetic regime devoid of mass transport effects, both 
carrier gas flow and catalyst pellet size were varied to determine the regime where 
external mass transfer effects are eliminated.[196] Hydrogen carrier gas flow was varied 
between 20 and 60 sccm while catalyst pellet size was changed within the range of 107.5 
to 337.5 μm. Results presented in Figure 7.10 show that rate increases with the 
parameter (carrier gas velocity/particle size)1/2 in the region where the reaction is mass 
transfer limited. Above the value of 40 cm/(min)1/2, reaction rate did not vary with this 
parameter. Even though this rules out the presence of external mass transport effects in 
this regime, it does not guarantee the absence of internal diffusion effects within the 
pores.[197] However results from Figure 7.5 where reaction rate increases linearly with 
corresponding change in the concentration of active sites on the Ru/TiO2 catalyst show 
that internal diffusion effects are absent under these conditions.[197] Therefore kinetic 
data presented in this section was collected in the absence of internal or external mass 
transport effects. 
7.8.2 Reaction kinetics 
Initial rates of m-cresol conversion over the selected 0.5% Ru/TiO2 P25 catalyst 
were obtained over a temperature range 380-400°C. These rates were obtained by 
extrapolating to zero time on stream to ensure that catalyst deactivation is accounted 
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for. The extrapolated conversion versus time on stream data for the different 
temperatures is presented in Appendix A.  
 
 
 
 
 
 
 
 
 
 
 
Figure 7.10. Effect of varying carrier gas velocity and catalyst pellet sizes on rate  
of m-cresol conversion over Ru/TiO2. T= 400 °C, P = 1atm 
 
From Equation 7.1, at low partial pressures of m-cresol, KCPC, KTPT<<<1, thus 
reducing to Equation 7.2 with the heat of adsorption of m-cresol incorporated in the new 
rate constant. This apparent activation energy estimated in this first order regime was 
Apparent Ea = -29.1 kJ/mol. This was obtained from the slope of the Arrhenius plot in 
Figure 7.11. This reaction was found to be approximately first order in m-cresol with a 
slope of 1.09 from the plot of rate and m-cresol concentration in Figure 7.12. It should 
be noted that a comparable value (Apparent Ea=-36.9 kJ/mol) was obtained for the Ru 
supported on pure rutile TiO2 as shown in Figure 7.13. This similarity in activation 
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barrier for the different support phases is further evidence that the active sites for m-
cresol conversion does not depend on TiO2 support phase. 
 
 
 
 
Figure 7.11. Plot of Ink with 1/RT for 0.5 % Ru/TiO2 P25 using first order  
kinetics. T= 380-400 °C,, P=1atm, Initial rates obtained after extrapolating to 
zero TOS 
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Figure 7.12. Plot of In Rate with m-cresol concentration over 0.5 % Ru/TiO2  
P25 to determine reaction order. T= 400 °C, P=1atm 
 
 
 
 
 
 
 
 
 
 
Figure 7.13 Plot of Ink with 1/RT for 1.5 % Ru/TiO2 Rutile using first order  
kinetics. T= 380-400 °C, P=1atm 
 
Furthermore to get an estimate of a zero order activation energy, rate constants 
were obtained in a zero order regime where the coverage of m-cresol on the catalyst 
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surface is high and there is no influence of the heat of adsorption as seen from Equation 
7.3. This occurs when KCPC is significantly higher than other terms in the denominator 
thus reducing Equation 7.1 to 7.3. The variation of reaction rate with m-cresol 
concentration is presented in Figure 7.14. Reaction rate increases with concentration up 
to a point at which it becomes constant irrespective of further increase in m-cresol 
concentration. This is the zero order regime and by obtaining rate constants at various 
temperatures at this m-cresol concentration, an activation energy for m-cresol 
deoxygenation at the Ru/TiO2 interface can be estimated. This activation energy 
obtained from the slope of the Arrhenius plot in Figure 7.15 was estimated to be -72.6 
kJ/mol. This estimated value is in agreement with DFT calculations for m-cresol DDO 
at the oxygen vacancy site near the Ru metal discussed earlier which gives a value of -
68.5 kJ/mol. In comparison with calculated activation barriers for m-cresol direct 
deoxygenation over metallic Ru(0001) and oxygen vacancy sites on TiO2(110) which 
were both higher, this is further evidence that sites created at the Ru/TiO2 interface are 
the active sites for this reaction. 
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Figure 7.14. Plot of In Rate with m-cresol concentration to obtain zero  
order kinetics regime for 0.5 % Ru/TiO2 P25, T= 400 °C, P=1atm 
 
 
 
 
Figure 7.15. Plot of Ink with 1/RT for 0.5 % Ru/TiO2 P25 using zero order 
kinetics T= 380-400 °C, P=1atm. Initial rates obtained after extrapolating  
to zero TOS, T= 400 °C, P=1atm 
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7.9 Conclusion 
Conversion of m-cresol over Ru/TiO2 has been studied at atmospheric pressure 
and 400 °C in a vapor phase flow reactor to give an understanding of the active sites on 
the catalyst responsible for deoxygenation to toluene. Possible catalytic sites were Ru 
metal clusters, Ru/TiO2 interfacial sites and TiO2 defect sites far away from the metal. 
While a strong correlation between toluene formation rate and Ru perimeter was 
obtained, there was no such correlation between the rate and Ru metal surface area. 
Also, a significantly lower activation barrier for m-cresol direct DDO at the Ru/TiO2 
interface was obtained from DFT calculations compared to metallic Ru(0001) and 
oxygen vacancy sites on TiO2(110). Experimental data obtained from reaction kinetics 
was in agreement with DFT calculations for this low activation barrier. It can be 
concluded from these results that perimeter sites at the Ru/TiO2 interface are responsible 
for conversion of monooxygenates such as m-cresol to aromatic hydrocarbons over 
Ru/TiO2.  
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8 Conversion of Furfural over Ru/TiO2 
8.1 Introduction 
Furfurals are an important group of oxygenated aromatics obtained from the 
decomposition of the cellulosic sugars produced during biomass pyrolysis which makes 
them a main component in bio-oil.[86, 198] Due to the instability of bio-oil caused by 
the presence of these very reactive compounds amongst others, further upgrading of 
bio-oil and conversion of the furfurals to more stable and valuable molecules is desired. 
Furfural, for instance can be converted to 2-Methylfuran, which is a significant 
component in the production of fine chemicals, perfumes and medicines;[60, 61] 
furfuryl alcohol, which is used for the synthesis of solvents and resins for ceramics 
processing;[51] and perhaps most importantly cyclopentanone, which is not only an 
important intermediate for the production of chemicals used for rubber and 
pharmaceutical applications.[199] but can also undergo self-aldol condensation and 
further hydrodeoxygenation to form hydrocarbons in the jet fuel range. The formation 
of cyclopentanone or its derivatives from furfural-based molecules is a desired reaction 
because it does not involve the loss of any carbon. Both furfural and cyclopentanone 
contain five carbon atoms. Initial studies on this transformation showed that it occurred 
via the rearrangement of a 2-furylcarbinol into 4-hydroxycyclopent-2-enone in the 
aqueous phase in an acidic environment.[200] This reaction is known as the Piancatelli 
rearrangement. It has been investigated on a variety of catalysts and mainly in the liquid 
phase. Various starting reactant molecules have been used to demonstrate this 
rearrangement also highlighting the role of water for the reaction to occur via key 
intermediates.[199, 201-203] 
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The vapor phase reaction for furfural conversion to cyclopentanone has not been 
studied as well as the liquid phase with products such as furfuryl alcohol, 2-methylfuran, 
furan and others obtained at mild temperatures.[51, 204] The objective of this chapter 
therefore is to investigate the conversion of furfural in a vapor phase flow reactor at 400 
°C and atmospheric pressure over Ru/TiO2. Various reactions such as hydrogenation, 
hydrogenolysis and the Piancatelli rearrangement that can occur over the catalyst to 
obtain valuable products that can be utilized for fuels and chemicals will be studied. It 
will be helpful to also elucidate the nature of active sites responsible for furfural 
conversion and the role of water in the vapor phase.  
8.2 Catalyst synthesis 
Ru catalysts were synthesized using the incipient wetness impregnation method 
of an aqueous solution of Hexaamineruthenium (III) chloride (98% Sigma Aldrich) on 
the TiO2 support (Aeroxide P25, 0.25 ml/g pore volume) or SiO2 support (Hisil-210, 
0.96 ml/g pore volume). The catalysts were then dried at room temperature in air for 48 
h, at 120 °C for 12 h in an oven before reducing at 400 °C for 2 h in hydrogen flow. The 
catalysts were pelletized and sieved to yield particles sizes from 250-420 μm.  
8.3 Catalyst characterization 
8.3.1 BET surface area 
BET surface area was measured by nitrogen adsorption on a Micromeritics 
ASAP 2010 instrument. Catalyst samples were degassed at 300 °C for 3 h prior to the 
analysis. 
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8.3.2 Ru metal content 
Inductively Coupled Plasma (ICP) from Galbraith Laboratories was utilized to 
determine Ru content of the synthesized catalysts.  
8.3.3 Transmission electron microscopy 
Ru particle size distribution was obtained using Transmission Electron 
Microscopy (TEM, JEOL JEM-2100 model). Before imaging, the catalysts were pre-
reduced in hydrogen flow at 400 °C for 1 h and cooled down to room temperature in 
nitrogen before dispersion in isopropanol and sonication to obtain a uniform suspension. 
Few drops of the suspension were dispersed on carbon-coated copper TEM grids. At 
least 200 ruthenium particles were counted in order to obtain particle size distributions. 
8.4 Catalytic activity measurements 
Catalytic activity was tested in a vapor phase quartz tube reactor (0.25 in OD) at 
atmospheric pressure and 400 °C. Catalyst particles were mixed with inert acid washed 
glass beads (Sigma Aldrich, Part number: G1277) with a particle size range of                     
212-300 μm and packed between two layers of quartz wool inside the reactor when 
required. In a typical experiment, pure distilled furfural (obtained from Sigma Aldrich; 
distilled and stored at -15 °C ) with a feed flow rate of 0.1 ml/h or co-fed with water 
(with varying flow rates), was vaporized at the inlet zone of the reactor before 
introduction into a 30 ml/min H2 flow. The outlet stream of the reactor was heated to 
250 °C to prevent condensation of compounds in the transfer lines and then flowed 
through a six-port valve to allow for injection into a GC for product analysis. Product 
distribution was analyzed by online gas chromatography equipped with flame ionization 
detector (Agilent 5890), and HP-INNOWAX column (30 m, 0.25 µm). Identification of 
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products was confirmed using a Shimadzu QP-2010 GCMS and standards were used to 
quantify the various products in the FID. Before introduction of the feed, the Ru 
catalysts were reduced in situ at 400 °C for 1 h in 100 ml/min H2 flow. Mass balances 
for all the reaction runs were > 95 %. 
8.5 Characterization results 
Table 8.1 presents the physical properties for different catalysts tested in this 
study. BET surface area of all catalysts as well as Ru weight percent and particle size 
determined from ICP and TEM respectively are shown. Addition of Ru to TiO2 does 
not significantly change the catalyst surface area. Both Ru catalysts supported on SiO2 
and TiO2 have similar particle sizes (close to 4 nm) however the particle size of the Ru 
supported on nanotubes (CNT) catalyst significantly lower (1.5 nm) which signifies 
better dispersion. TEM micrographs of the SiO2 and TiO2 supported catalysts are shown 
in Figure 8.1 and Figure 8.2. 
Table 8.1. Physical properties of the various catalysts studied 
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Figure 8.1. Representative TEM image for 4.4% Ru/TiO2 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.2. Representative TEM image for 5.3% Ru/SiO2 
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8.6 Reaction pure furfural over ruthenium titania 
Product distributions for furfural conversion over Ru/TiO2 in the vapor phase 
are shown in Figure 8.3. The dominant product is 2-methylfuran (2MF, yield = 59.7 %                        
at 0.9 h). It has the highest yield at all W/F’s and is produced from hydrogenolysis of 
the C-O bond in furfuryl alcohol (FOL) after initial hydrogenation of furfural (FAL) to 
furfuryl alcohol (FOL) on the Ru metal surface. While it is known that this 
hydrogenolysis step can occur on metal surfaces,[55, 205-207] interfacial sites formed 
as a result of the interaction between Ru and the reducible oxide TiO2  could also play a 
role in the formation of 2MF from FOL. The importance of Ru/TiO2 interface has been 
demonstrated for reactions such as Fischer- Tropsch [71], alkane hydrogenolysis.[98], 
phenol deoxygenation[168] and also m-cresol conversion to toluene in an earlier chapter 
of this work. This possibility will be discussed further below in the chapter.  
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Figure 8.3. Furfural Conversion and Product Yield with W/F over  
4.4% Ru/TiO2. T =  400 °C, P = 1 atm, TOS = 30 mins 
 
 
From Figure 8.3, the formation of FOL passes through a maximum                                
(yield = 5.5 % at 0.3 h) and then decreased at the highest W/F (yield = 0.6 % at 0.9 h). 
This is possibly due to FOL conversion to 2MF and other products to be discussed later 
at higher contact times. FOL is formed from direct hydrogenation of the carbonyl C-O 
bond of furfural (FAL) on the Ru metal. This reaction has been shown to occur over 
various metal catalysts such as Pt, Pd, Cu and Ni.[55, 201, 205-207] To obtain FOL, the 
O atom in the carbonyl group of FAL can adsorb on top of the Ru surface in a η1(O) 
configuration as observed for Cu[55, 208, 209]. Asides from this configuration, FAL 
can also adsorb on metal surfaces with both C and O atoms touching the surface in a 
η2(C,O) mode as seen for Pd[55, 210, 211] and this adsorption mode has been shown to 
be the most common for Ru and Rh[209, 212-215] therefore making it more plausible 
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in this work. Based on the high 2MF yields, it is likely that the η2 mode is stabilized on 
Ru/TiO2 leading to the formation of FOL which can be further converted to 2MF and 
other products. Sitthisa et al. observed an enhancement in 2MF selectivity from furfural 
for Ni-Fe alloys compared to Ni and this was attributed to the stabilization of these η2 
species on oxophilic sites created on the Ni-Fe catalyst.[206] This is consistent with the 
studies in earlier chapters where highly active reduced sites at the Ru/TiO2 interface or 
on the TiO2 support have been shown to be important for deoxygenation of phenolic 
molecules such as guaiacol[100] and m-cresol[195], thus it is conceivable that these 
sites play a role for furfural conversion to 2-methylfuran. Also, at this high temperature, 
the η2 surface species on the Ru metal can be decomposed to an acyl species, with the 
carbonyl C atom attached strongly to the catalyst surface.[206] These acyl species can 
lead to the decarbonylation reaction whereby the CO molecule is lost and furan (FUR) 
formed instead of FOL.[57] At the lowest W/F of 0.07 h, lower yields of furan (FUR 
yield = 0.4 %) as compared to FOL (yield = 0.7 %) were observed. However, as contact 
time increased to 0.9 h, higher yields of FUR (yield = 7.6 %) were obtained. As 
mentioned in the earlier discussion, FOL formed can be further converted to 2MF and 
other products as W/F increases which could account for the low yields at this high W/F. 
Even at this high W/F, the yield of furan is still lower than that of 2MF. This signifies 
as stated above that sites on the Ru/TiO2 catalyst stabilizes the η2 configuration as 
opposed to decomposition to form acyl species. Some C-C hydrogenolysis activity to 
produce light gases such as methane is also observed over the Ru/TiO2 catalyst. 
Perhaps the most interesting reaction observed over this catalyst is the 
Piancatelli rearrangement of the furfural-based ring to produce cyclopentanone. From 
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Figure 8.3, the yield of this product increases steadily with W/F from 0.6 % (W/F = 0.07 
h) to 9.9 % (W/F = 0.9 h). One desirable reason for this rearrangement is the 
conservation of valuable carbon in the product stream as opposed to losing it during 
decarbonylation. Both furfural and cyclopentanone contain five carbon atoms. Piutti et 
al. has described FOL as the important intermediate required for starting this 
rearrangement and not FAL therefore it is likely that asides from 2MF, FOL is also 
converted to cyclopentanone as W/F increases.[200] Hydrogenation of FAL to FOL is 
easy on Ru as seen from the product yield even at low conversions therefore it’s the 
further rearrangement of FOL to form cyclopentanone that is the important step over 
this catalyst. The presence of cyclopentanone in the product stream was confirmed by 
liquid injection of the condensed product mixture in the GC-MS and also injection of 
standards in the GC-FID. High amounts of cyclopentanol (yield = 10.9 % at 0.9 h), 
which is produced via hydrogenation of the carbonyl group of cyclopentanone over the 
Ru metal is also observed from Figure 8.3 and this product was seen at all W/F’s. The 
overall yield of cyclopentanone therefore can be taken to be the sum of yields of both 
cyclopentanone and cyclopentanol.  
8.7 Influence of water on furfural conversion to cyclopentanone 
The importance of water being present in the reaction mixture for the Piancatelli 
rearrangement to occur in the liquid phase has been discussed in literature[201-203] 
therefore it was important to investigate it’s influence in this vapor phase conversion of 
furfural to cyclopentanone. Even though water was not introduced as a reactant in the 
results presented in the previous section, the Piancatelli rearrangement to 
cyclopentanone was still observed. As mentioned earlier, 2-methylfuran was the most 
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dominant product. In the absence of water in the feed, two sources of water in the 
reaction system are possible. Water is produced during FOL hydrogenolysis to form 
2MF and this gas phase water can play a role for this reaction. Also, the abundant OH 
groups on the TiO2 surface could play this role and facilitate this rearrangement. From 
the results presented earlier, it is possible that one or both of these scenarios are 
occurring.  
To determine whether gas phase water is involved in this rearrangement, furfural 
was co-fed with excess water in two different molar ratios 5:1 and 12:1 and the results 
are presented in Figure 8.4. With the introduction of water, the sum of the Piancatelli 
rearrangement products (CPone/CPol yield = 16 %) is similar to the yield of                          
2MF (yield = 17 %). Comparing this with the values obtained without water in the feed, 
CPone/CPol (yield = 7 %), 2MF (yield = 20 %) an enhancement in this rearrangement 
is observed in the presence of water as a feed. This is in agreement with literature studies 
in liquid phase. 
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Figure 8.4. Product Distribution for Pure Furfural and Furfural co-fed with  
excess water at different  molar ratios over 4.4% Ru/TiO2, T =  400 °C,  
P = 1 atm, TOS = 30 mins, Conversion ~ 35% for each run 
 
 
8.8 Decoupling of active sites on ruthenium titania for furfural conversion  
It is important to understand the nature of active sites on the Ru/TiO2 catalyst 
responsible for the Piancatelli rearrangement. The conversion of guaiacol, a 
deoxygenated bio-oil molecule, has been studied over Ru based catalysts while 
changing type of support (SiO2, C, Al2O3);[46] pretreatment conditions and TiO2 
support phase (anatase vs rutile)[100] to elucidate the type of sites responsible for the 
deoxygenation. Enhanced rates observed when the reducible oxide TiO2 was introduced 
as a support was attributed to the synergy between Ru and TiO2 which led to the creation 
of highly active sites for guaiacol deoxygenation.[46] While it was not clear if these 
sites were at the Ru/TiO2 interface or defects on the TiO2 support far away from the 
metal, further studies showed that while defect TiO2 sites far away from the Ru metal 
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are the active sites for guaiacol conversion to monooxygenates like cresols, [100] sites 
at the Ru/TiO2 interface are the most important for further deoxygenation of m-cresol 
to toluene. To investigate therefore if sites created as a result of the interaction between 
Ru and TiO2 were important for this rearrangement, pure Ru catalysts (supported on 
SiO2 and carbon nanotubes) and a bare TiO2 catalyst with no metal loading were 
compared with Ru/TiO2. In this way, the roles of Ru metal and the effect of TiO2 support 
can be decoupled. 
The results obtained from feeding a water/furfural (12:1 molar ratio) mixture 
over these catalysts are presented in Figure 8.5. Ru can facilitate the splitting of water 
leading to decoration of the metal surface with OH groups which could potentially play 
a role in this reaction.[216-218]  
 
 
 
 
 
 
 
 
Figure 8.5. Product Yield for water/furfural (12:1 molar ratio) feed mixture  
over TiO2, Ru/SiO2 , Ru/CNT and Ru/TiO2 catalysts W/F = 1.85h (TiO2)  
and 0.13h (Ru/SiO2 and Ru/TiO2) and  0.39h(Ru/CNT) Conversion = 10%  
(TiO2); 25%(5.3% Ru/SiO2);  38% (4.4% Ru/TiO2) and 37% (1% Ru/CNT)  
T =  400 °C, P = 1 atm, TOS = 30 mins 
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We shall proceed by discussing the difference in product selectivity observed 
over the pure Ru catalysts (Ru/SiO2 and Ru/CNT) and Ru/TiO2. The following are 
evident: 1) CPone and CPol are not observed as products over the pure Ru catalysts 
which points to the absence of the Piancatelli rearrangement under these conditions; 2) 
Enhancement of FOL conversion to 2MF which is also a valuable product over Ru/TiO2 
(45.3%) compared to Ru/SiO2 (8.9%); Ru/CNT (24.8%); 3) Suppression of 
decarbonylation and C-C hydrogenolysis on Ru/TiO2 compared to the pure Ru catalysts. 
In addressing the third observation, a similar trend for the conversion of m-cresol over 
Ru catalysts was observed in the previous chapter. While the rate of toluene formation 
was enhanced as a result of introduction of TiO2 as a support, the hydrogenolysis of m-
cresol to light gases was also greatly suppressed. Two possible explanations were put 
forward for the latter. The first was the breaking up of ensembles or sites responsible 
for hydrogenolysis as a result of TiO2 decoration on Ru after high temperature reduction. 
However, this was ruled out as the likely reason since particle sizes estimated from TEM 
and Ethylene hydrogenation were similar for a range of catalysts tested which means 
the TiO2 decoration on Ru was not sufficient to cause significant changes to the catalyst 
properties. The Ru/TiO2 utilized for this study was one of the well characterized 
catalysts from the previous work therefore it is not likely this has a significant effect in 
this case also. The second most plausible reason is the formation of water at the Ru/TiO2 
interface which can suppress C-C hydrogenolysis in Fischer-Tropsch reactions.[175] It 
is possible that the presence of water in the feed mixture with furfural can also promote 
the suppression of C-C hydrogenolysis as observed in this case. Therefore, this is the 
most likely scenario.  
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To address the first two observations, it was also shown that these Ru/TiO2 
interfacial sites were the active sites for m-cresol deoxygenation to toluene over 
Ru/TiO2. This enhancement to form desired products (cyclopentanone and 2MF in this 
study/toluene in the study described above) as a result of introduction of TiO2 as a 
support is similar for both furfural and m-cresol feeds therefore it is likely that the same 
perimeter sites responsible for m-cresol conversion are involved in FAL conversion to 
2MF and cyclopentanone. However, it is also possible that defect sites on the TiO2 
support far away from the metal are involved in this reaction. To understand this further, 
the reaction was run over pure TiO2 without the Ru metal. As seen in Figure 8.5, similar 
product distributions are observed over TiO2 and Ru/TiO2 with an order of magnitude 
higher W/F for pure TiO2. This was also observed for guaiacol conversion in which the 
addition of Ru generated more active sites for the reaction hence increased rates 
observed over Ru/TiO2.[46] At this point therefore, it is only known that the active sites 
to form 2MF and CPone are created as a result of the interaction between Ru and TiO2. 
Both types of sites – interfacial sites and defect sites on TiO2 could be playing important 
roles for formation of these products. Other reactions such as hydrogenation (FAL to 
FOL, cyclopentanone to cyclopentanol) and decarbonylation/C-C hydrogenolysis 
reaction to produce furan and light gases respectively occur over the Ru metal. 
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8.9 Conclusion 
Conversion of furfural in vapor phase at 400 oC has been studied over Ru/TiO2 
and a number of reactions such as hydrogenation, decarbonylation, hydrogenolysis were 
observed over the catalyst to form products such as furfuryl alcohol, furan and                       
2-methylfuran. The carbon efficient Piancatelli rearrangement of furfural to produce 
cyclopentanone was also observed over this catalyst. Subsequent hydrogenation of 
cyclopentanone to cyclopentanol occurs over the Ru metal. Water was demonstrated to 
play a role in shifting the selectivity from the dominant 2-methylfuran to 
cyclopentanone/cyclopentanol. Also, the support plays an important role in determining 
the product distribution as pure Ru catalysts (on SiO2 and CNT) when compared with 
Ru/TiO2 produced mainly light gases and furan without any Piancatelli rearrangement 
products observed. It was proposed that the active sites for FOL conversion to 2-
methylfuran and cyclopentanone are either Ru/TiO2 interfacial sites or defects on the 
TiO2 surface. Both sites are created as a result of interaction between Ru and the 
reducible oxide TiO2.  
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Appendices 
Appendix A  
Particle size distributions of Ru catalysts 
Particle size distributions and TEM images for catalysts tested in Chapter 7 of 
this dissertation are presented in this section. 
 
 
 
Figure 0.1. Representative TEM image of 0.5 % Ru/TiO2 catalyst  
pre-reduced at 400 °C for one hour prior to imaging 
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Figure 0.2. Particle size distribution of 0.5 % Ru/TiO2 catalyst  
pre-reduced at 400 °C for one hour prior to imaging 
 
 
 
 
 
 
 
 
 
 
 
Figure 0.3. Representative TEM image of 1.6 % Ru/TiO2 catalyst  
pre-reduced at 400 °C for one hour prior to imaging 
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Figure 0.4. Particle size distribution of 1.6 % Ru/TiO2 catalyst  
pre-reduced at 400 °C for one hour prior to imaging. 
 
 
 
Figure 0.5. Representative TEM image of 1.7 % Ru/TiO2 catalyst  
pre-reduced at 400 °C for one hour prior to imaging 
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Figure 0.6. Particle size distribution of 1.7 % Ru/TiO2 catalyst  
pre-reduced at 400 °C for one hour prior to imaging 
 
  
 
 
Figure 0.7. Representative TEM image of 2.3% Ru/TiO2 catalyst  
pre-reduced at 400 °C for one hour prior to imaging 
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Figure 0.8. Particle size distribution of 2.3 % Ru/TiO2 catalyst  
pre-reduced at 400 °C for one hour prior to imaging 
 
 
 
 
Figure 0.9. Representative TEM image of 3.5% Ru/TiO2 catalyst 
pre-reduced at 400 °C for one hour prior to imaging 
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Figure 0.10. Particle size distribution of 3.5 % Ru/TiO2 catalyst 
pre-reduced at 400 °C for one hour prior to imaging 
 
 
 
Figure 0.11. Representative TEM image of 0.4% Ru/TiO2  
Anatase catalyst pre-reduced at 400 °C for one hour prior to imaging 
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Figure 0.12. Particle size distribution of 0.4% Ru/TiO2 Anatase catalyst 
pre-reduced at 400 °C for one hour prior to imaging 
 
 
 
Figure 0.13. Representative TEM image of 0.8% Ru/TiO2 Anatase 
catalyst pre-reduced at 400 °C for one hour prior to imaging 
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Figure 0.14. Particle size distribution of 0.8% Ru/TiO2 Anatase 
catalyst pre-reduced at 400 °C for one hour prior to imaging 
 
 
 
 
Figure 0.15. Representative TEM image of 1% Ru/SiO2 
catalyst pre-reduced at 400 °C for one hour prior to imaging 
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Figure 0.16. Particle size distribution of 1% Ru/SiO2 catalyst  
pre-reduced at 400 °C for one hour prior to imaging 
 
 
 
 
Figure 0.17. Representative TEM image of 5.3% Ru/SiO2 catalyst  
pre-reduced at 400 °C for one hour prior to imaging 
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Figure 0.18. Particle size distribution of 5.3% Ru/SiO2 catalyst  
pre-reduced at 400 °C for one hour prior to imaging 
 
 
 
 
Figure 0.19. Representative TEM image of 9.4% Ru/SiO2 catalyst  
pre-reduced at 400 °C for one hour prior to imaging 
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Figure 0.20. Particle size distribution of 9.4% Ru/SiO2 catalyst  
pre-reduced at 400 °C for one hour prior to imaging 
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Supplemental kinetics data 
This section shows the extrapolated conversion versus time on stream data using a 
polynomial fitting for the reaction temperature range 380-400 °C in which kinetic 
studies were conducted. Rates calculated from these figures are presented in Chapter 7. 
 
 
Figure 0.21. M-cresol conversion vs TOS for 0.5 % Ru/TiO2 P25 in the  
first order regime. T= 380 °C, P=1atm 
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Figure 0.22. M-cresol conversion vs TOS for 0.5 % Ru/TiO2 P25 in the  
first order regime. T= 390 °C, P=1atm 
 
 
 
Figure 0.23. M-cresol conversion vs TOS for 0.5 % Ru/TiO2 P25 in the  
first order regime. T= 400 °C, P=1atm 
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Figure 0.24. M-cresol conversion vs TOS for 0.5 % Ru/TiO2 P25 in the  
zero order regime. T= 380 °C, P=1atm 
 
 
 
Figure 0.25. M-cresol conversion vs TOS for 0.5 % Ru/TiO2 P25 in the  
zero order regime. T= 390 °C, P=1atm 
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Figure 0.26. M-cresol conversion vs TOS for 0.5 % Ru/TiO2 P25 in the  
zero order regime. T= 400 °C, P=1atm 
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Appendix B 
Computational methods 
These calculations were carried out by Dr. Lars Grabow’s group at the 
University of Houston. All density functional theory (DFT) calculations for adsorption 
energies, activation energy barriers and vibrational frequencies used the projector 
augmented wave (PAW) method formalism as implemented in the Vienna Ab-initio 
Simulation Package (VASP) in combination with the Atomic Simulation Environment 
(ASE).[219-223] The revised Perdew – Burke – Ernzerhoff generalized gradient 
approximation (RPBE - GGA) was used as exchange-correlation functional,[224, 225] 
and the cut-off energy was set to 400 eV. Spin polarization was used for Ru/TiO2(110) 
and TiO2(110), but not for Ru(0001). A Fermi temperature (kBT) of 0.1 eV and 0.01 eV 
was chosen for slab calculations and gas phase molecules (H2, m-cresol, toluene), 
respectively, and the resulting energies were extrapolated to kBT = 0 eV.[226] The 
conjugated gradient algorithm with a force convergence criterion of 0.05 eV/Å was used 
for ionic relaxations of equilibrium geometries. 
It is well known that DFT fails to describe the correct electronic structure for 
strongly correlated systems due to errors associated with Coulomb and exchange 
interactions.[227] TiO2, specifically when oxygen vacancy defects are present, has 
highly localized Ti 3d states; hence, we applied a Hubbard-U correction (DFT+U) with 
Ueff = 2.0 eV consistent with an earlier work.[168] 
Ruthenium (Ru) and titania (TiO2) were modeled in their thermodynamically 
most stable hcp and rutile bulk structures and surfaces were cleaved in the most stable 
Ru(0001) and TiO2(110) directions. The optimized bulk lattice constants are a = 2.689 
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Å, c/a = 1.637 for Ru, and a = 4.712 Å, c/a = 0.640, u = 0.306 for TiO2, which are all 
in good agreement with experimental data.[228-231] The metallic Ru(0001) surface was 
periodically repeated in a (4 × 4) unit cell, and we used a (3 × 2) unit cell for the fully 
hydroxylated TiO2(110) surface [h-TiO2(110)]. For both surfaces the top two layers of 
the four layer slabs were fully relaxed, while the bottom two layers were fixed at their 
bulk truncated positions. To avoid interactions between successive slabs due to periodic 
boundary conditions, the unit cell included 16 Å of vacuum along the normal direction 
of the surface. A dipole correction was applied to compensate the effect of adsorbing 
molecules only on one side of each surface.[232] The supported Ru/TiO2 interface 
system was modeled as a 10 atom Ru cluster placed on three adjacent oxygen vacancy 
sites of a (5 × 4) TiO2(110) unit cell.[233, 234] This unit cell is large enough to separate 
periodically repeated images of the Ru cluster with at least 9 Å in the lateral direction. 
The remaining TiO2 surface sites not occupied by Ru were terminated with hydroxyl 
species. The 10-atom cluster was chosen because it is computationally tractable, forms 
a defined hcp structure, is large enough to provide a hemispherical shape that has been 
observed in experiments,[235] and closely resembles previously published models of 
metal/oxide interfaces.[168, 174] We refer to this model structure as Ru10/h-TiO2(110). 
The Brillouin zone was sampled using k point meshes of (4×4×1) for Ru(0001), (6×8×1) 
for TiO2(110), and (2×2×1) for Ru/TiO2(110) using the Monkhorst-Pack scheme.[236] 
Convergence with respect to k point sampling was confirmed. 
Binding energies (EBE) are calculated with respect to the clean surface and gas 
phase molecules according to: 
𝐸𝐸BE = 𝐸𝐸slab+adsorbate − (𝐸𝐸slab + 𝐸𝐸molecule)     (B.1) 
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where Eslab+adsorbate is the total energy of the slab with adsorbates, Eslab is energy of the 
clean surface, and Emolecule is the energy of reference gas phase molecules (H2, H2O, and 
m-cresol). The climbing image nudged elastic band (cNEB) method was used to 
determine transition states (TS) of elementary reaction steps, and the reaction path was 
sampled with five or six intermediate images, which were fully optimized until the 
residual force was below 0.1 eV/Å.[237] We confirmed that this convergence criterion 
is sufficient to obtain transition states within 0.1 eV accuracy, a generally accepted error 
bar in DFT calculations. Vibrational analysis was performed to confirm the existence 
of a single imaginary mode, corresponding to the reaction coordinate along the reaction 
path.  
 
 
 
 
 
 
 
 
 
 
 
 
